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Abstract 
 
During the recent two decades, considerable efforts have been made to explore new 
generations of interconnecting materials and printed lines to replace the traditionally used 
toxic lead-based solders in electronic industries. Electrical conductive adhesive (ECA) which 
consists of conductive metallic particles and a polymeric matrix has attracted a great deal of 
attention as one of the most promising alternative materials. The conventional ECAs are 
typically made of silver micro flakes and epoxy resin. The low electrical conductivity of 
these ECAs is their main drawback compared to traditional lead-based solders, which hinders 
their applicability in today’s blooming electronic industries. An enormous amount of 
research works have been conducted to enhance the electrical conductivity of the 
conventional ECAs, including increasing the polymer shrinkage, surface modification of 
silver flakes, introduction of low melting components to the ECA formulation, and the use of 
nano-sized conductive materials inside the formulation of the conventional ECAs. All of 
these approaches affect the quality of inter filler interaction inside the electrical network, in 
different ways.  
 
The recent progress in nanotechnology helped material scientists to precisely design 
nanomaterials with different morphologies and surface chemistry. Owing to this capability, 
incorporation of nano-sized conductive fillers with different natures, morphologies, and 
surface properties inside the conventional formulation of ECAs has drawn considerable 
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attention to overcome the common drawbacks of conventional ECAs, such as poor electrical 
and mechanical properties, reliability issues, and large filler content. It has been reported that 
the introduction of conductive nanomaterials into the conventional ECAs can improve the 
electrical conductivity of ECAs if their size, morphology, and the ratio between nanofiller 
and silver flakes is carefully taken under consideration. In this project, we developed new 
generations of hybrid electrical conductive adhesives (ECAs) by introducing conductive 
nanofillers (spherical silver nanoparticles (Ag NPs), high aspect-ratio silver nanobelts (Ag 
NBs), and graphene) into the conventional formulation of ECAs. To harness the 
characteristic properties of the nanofillers and to facilitate their homogeneous dispersion 
inside the epoxy, nanofillers were functionalized.   
 
In the first step of this project, spherical Ag NPs were synthesized and simultaneously 
functionalized with thiocarboxilic acids, resulting in the formation of NPs less than 5 nm. 
Two thiocarboxylic acids with the same chemical structure but different chain lengths (3 and 
11 carbons) were used to functionalize the NPs. We showed that the size and the electrical 
properties of the NPs can be controlled by varying the chain length of their covering organic 
layer. The diameter of the Ag NPs functionalized with the short-chain acid was two times 
smaller than those with the long-chain acid. We also found that the short-chain functionalized 
NPs were electrically conductive while the long-chain functionalized ones were 
nonconductive. The short-chain functionalized NPs were incorporated into the conventional 
ECAs. We found that at low NPs contents (< 20 wt %) the electrical conductivity of the 
hybrid ECAs increased due to the filling of NPs into the interstices of the micron-sized silver 
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flakes, bridging of the NPs among separated flakes, and sintering of the NPs at relatively low 
curing temperature of 150 °C. However, higher NPs contents reduced the electrical 
conductivity because they may cluster and increase the gaps between the silver flakes. 
Furthermore, at higher NPs content, the number of contact points increases, which in turn 
decreases the electrical conductivity of the final ECAs. 
 
The positive effect of the synthesized NPs on the electrical conductivity of the 
nanocomposite is basically attributed to the increased number of electrical pathways inside 
the electrical network due to the bridging of the NPs between separated silver flakes. 
However, a large amount of NPs are needed to form effective bridges inside the network, 
which increases the number of contact points inside the filler system and also increases the 
cost of the final ECAs. In the second step, we implement a novel type of high aspect-ratio 
silver nanostructure, silver nanobelts (Ag NBs), as co-filler inside the conventional 
formulation of the ECAs. The Ag NBs (10-40 nm thick, 100-400 nm wide and 1-10 µm long) 
were synthesized through self-assembly and room-temperature joining of hexagonal and 
triangular silver unit blocks which were synthesized by chemical reduction of silver nitride in 
the presence of poly(methacrylic acid). The incorporation of a small amount of the Ag NBs 
(2 wt%, NBs to flakes weight-ratio, K = 0.03) into a conventional ECA with 60 wt% silver 
flakes resulted in an electrical conductivity enhancement of 1550% in comparison to that of 
the conventional ECAs with the same total silver weight fraction, while addition of 2 wt% (K 
= 0.03) NBs into the conventional ECA with 80 wt% silver flakes enhanced the electrical 
conductivity of the hybrid ECA approximately 240%. These results imply high aspect-ratio 
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NBs are more effective to improve the electrical conductivity of ECAs at concentrations 
close to percolation threshold.  
 
Considering the importance of the aspect-ratio of the nanofillers, in the next step, we 
implemented graphene, which is known for its exceptional electrical, mechanical and thermal 
properties, to further reduce the amount of silver flakes while maintaining a high electrical 
conductivity. Graphene, possessing the highest aspect-ratio among all the nanostructures and 
also due to its 2D structure, can provide extremely high surface area for electron 
transformation inside the electrical network. However, to exploit the interesting properties of 
the graphene, their single layer structure must be preserved inside the polymeric matrix. To 
achieve this goal, we applied two types of surface modification to exfoliate and stabilize 
graphene layers. First, we decorated graphene surface with Ag NPs, functionalized with a 
short chain length thiocarboxylic acid, and introduced this 2D nanostructure into the 
conventional ECAs. The electrical conductivity measurements revealed that the decorated 
graphene significantly improves the electrical conductivity of the conventional ECAs only at 
low filler concentrations, while to achieve high electrical conductivity, elevated curing 
temperatures are needed. This situation is a result of the increased number of contact points 
because of Ag NPs on graphene surface. Second, we used a non-covalent approach to 
stabilize graphene using the surfactant; sodium dodecyl sulfate (SDS). Our results showed 
that the stabilization of graphene with SDS noticeably enhance the electrical conductivity of 
the ECAs, which is attributed to the role of SDS in exploiting the high aspect-ratio of 
graphene. In order to examine this hypothesis, we used a larger size graphene and applied the 
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same SDS modification protocol. The electrical resistivity measurements showed that the 
electrical conductivity enhancement in the case of hybrid ECAs with large SDS–modified 
graphene was more significant than that with small SDS–modified graphene. The percolation 
threshold for the hybrid ECA with 1.5 wt% of both large and small graphene was reduced to 
an interestingly low value of 10 wt% while this value for conventional ECAs, and hybrid 
ECAs with non-modified graphenes was 40 wt%. Furthermore, adding 1.5 wt% of large 
SDS-modified graphene into the conventional ECA with 80 wt% silver flake content resulted 
in a very low electrical resistivity of 1.6 × 10
-5
 Ω.cm which is lower than that of eutectic 
lead-based solders.  
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Chapter 1. Introduction, Motivation, and Thesis Outline 
 
Lead-based solders are conventionally used as electrical interconnecting materials in 
electronic manufacturing, providing electrical paths between one circuit element and another 
upon their attachment to a system level board. However, lead has long been recognized as a 
hazardous material to human beings and our environment. The lead-based solders are mainly 
consumed in the production of electronic devices, which usually possess a life time of less 
than 5 years, which leads to a huge amount of lead accumulation in landfills each year. For 
instance, the total lead consumption in the US for 2000 was 52,400 metric tons of which 
more than 10% was used in production of lead-based solders [1].  Many countries have 
started to establish restricted regulations to abandon the application of lead in their electronic 
industries. This situation has inspired material scientists and researchers to find proper 
alternatives for the conventional eutectic solders. Today’s blooming electronic technologies, 
e.g., multilayer printed circuits [2], thin-film transistors (TFTs) [3], transparent conductive 
coating [4], solar cells [5], and batteries, require advanced materials that offer high electrical 
conductivity, good flexibility, proper strechability, and satisfactory mechanical strength. In 
addition, these materials should be cost effective, environmentally benign, and easily 
processable. In this regard, electrically conductive adhesives (ECAs) are considered as the 
most promising alternative interconnection materials for future applications. 
 
ECAs consist of a polymeric matrix, granting the physical and mechanical properties, and 
conductive fillers, providing the electrical pathways throughout the matrix. Depending on the 
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applications and desired electrical properties, different types of polymers and conductive 
fillers can be implemented. The conventional ECAs, which have already found their way into 
market, are usually based on epoxy as the polymeric matrix and silver flakes as conductive 
filler. Epoxy provides excellent adhesion, low shrinkage, superior resistance to thermal and 
mechanical shocks, and has a reasonable cost [6]. On the other hand, different types of 
metallic particle such as copper, nickel, and silver have been used as conductive fillers in the 
formulation of ECAs [7–10]. However, silver flake, due to its excellent electrical and thermal 
conductivities at room temperature, easy processability, and the conductive nature of its 
oxide has been the first and foremost utilized conductive filler inside the conventional ECAs 
[11].  
 
Although the conventional ECAs (epoxy + silver flakes) offer several advantages over the 
traditional solders, including environmental friendliness, finer pitch printing capability, 
milder operating condition, fewer processing steps, and more flexibility [12,13], the complete 
replacement of the traditional solders with the conventional ECAs has not yet been achieved, 
mainly because of poor electrical conductivity. Despite all the progress, the electrical 
conductivity of the conventional ECAs (10
-3
-10
-4
 Ω.cm) is still less than that of the eutectic 
solders (≈ 2 × 10-5 Ω.cm) [14]. This situation is related to their different working mechanism. 
In an ECA, electrons are transferred through the electrical network via the contact points 
between conductive fillers or by tunnelling effect. On the other hand, the eutectic solders 
work based on solder reflow in which current is passed through the metallic bonds [15]. In 
contrast to soldering, silver flakes inside the epoxy cannot render the metallurgical pathways 
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for electron transformation as metal solders do, but form a small contact point via the 
formation of a percolated network, which is more difficult for electrons to be transferred 
through. 
 
It may seem one way to improve the electrical conductivity of the conventional ECAs is 
loading more silver flakes into epoxy to provide more electrical paths. However, after a 
specific concentration (i.e., percolation threshold) the electrical network becomes stable and 
adding more silver flakes to epoxy does not significantly affect the electrical conductivity. 
Besides, in order to fully replace traditional solders with ECAs, the satisfied electrical 
conductivity and good adhesive strength should be combined [16–18]. Adding more filler to 
epoxy decreases the mechanical strength of the final composite (due to the decreased volume 
fraction of polymeric matrix) and also negatively influences the processability, and the final 
cost of the composite [19]. 
 
In response to these concerns, research activities have stepped up to implement hybrid filler 
systems, i.e., the combination of nano-sized conductive materials and micron-sized silver 
flakes, as the conductive filler system inside the formulation of ECAs [15,20–22]. The recent 
progress in nanotechnology helps material scientists to precisely design nanomaterials with 
different morphologies and surface chemistry. Owing to this capability, incorporation of 
nano-sized conductive fillers with different natures, morphologies, and surface properties 
inside the conventional formulation of ECAs has drawn considerable attention to overcome 
the common drawbacks of the conventional ECAs, such as poor electrical and mechanical 
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properties, reliability issues, and large filler content. The utilization of nano-sized conductive 
material can enhance the electrical conductivities of ECAs at low filler content without 
sacrificing the mechanical and adhesive properties. Since the electrons are transferred 
through the electrical pathways inside epoxy and these pathways are formed via the linkage 
of conductive filler, the quality of contact between neighboring fillers are crucial issues 
affecting the final electrical performance of the hybrid ECAs [23]. To harness the 
characteristic properties of the nano-sized materials, different parameters such as their size, 
aspect-ratio, morphology, surface properties, the ratio of silver flakes to nanofillers, and the 
dispersion techniques should be taken under careful consideration. In current research, 
spherical silver nanoparticles (Ag NPs), high aspect-ratio silver nanobelts (Ag NBs), and 
graphene nanosheets were implemented as conductive co-fillers inside the conventional 
formulation of ECAs; the effect of these conductive nanomaterials, their morphology, and 
surface properties on the electrical conductivity of the resultant composites was investigated 
for each case.   
 
The unique electrical [24–26], thermal [27], optical [28], and antibacterial [29] properties of 
Ag NPs have attracted extensive research interests with respect to their applications in the 
development of functional materials such as flexible electronic display [30], organic light-
emitting devices [31] and biosensors [32] at ever smaller scales. During the past two decades, 
there has been increasing interest in the application of Ag NPs to enhance the electrical 
conductivity of conventional ECAs [15,19,21,26,33–35]. It has been reported that simply 
adding NPs has a negative effect on the overall electrical conductivity of ECAs because of 
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the increased number of contact points within an electrical pathway [36]. According to 
literature, a positive effect of NPs on the electrical conductivity of the polymer composite 
requires the sintering of NPs at high temperatures to reduce the number of contact points 
[19,21,23]. Many research works have been done to reduce the sintering temperature due to 
the thermal sensitivity of components in organic electronic devices [26,33,37,38]. To date, 
the major focus has been devoted to the application of Ag NPs bigger than 20 nm. One 
possible reason is that the surface organic layer of NPs should be readily removed from the 
surface during the curing process to trigger sintering at lower temperatures [21,35,39]. This 
condition usually needs the synthesis of NPs involving the physical adsorption of the organic 
layer on the surface of NPs, which usually leads to the formation of large NPs. In 2005, 
Jeong et al. investigated the incorporation of very small Ag NPs (5 nm) into the commercial 
ECAs and reported electrical conductivity improvement via incorporation of 2 wt% NPs 
without the need for sintering; Their study highlights the positive effect of small NPs (≤ 10 
nm) on the electrical conductivity of ECAs [15]. This progress was promising; however, the 
studies on Ag NPs less than 10 nm in the development of conductive polymer composites are 
scarce in literature.  
 
In the first step of this project, we successfully synthesized and concurrently functionalized 
very small Ag NPs (smaller than 5 nm) using a simple wet chemistry approach. Two 
thiocarboxylic acids (11-Mercaptoundecanoic acid (MUA) and 3-Mercaptopropionic acid 
(MPA)) with the same chemical structure but different chain lengths were implemented to 
functionalize the NPs. We interestingly found that the chain length of organic layer has 
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significant impact on the size and the electrical conductivity of the NPs. Functionalization of 
the NPs using longer chain length acid (MUA) resulted in bigger (4.49±1.28 nm) and 
electrically insulating NPs, while surface coverage of the NPs with shorter chain length acid 
(MPA) led to formation of smaller (2.09±0.66 nm) and electrically conductive NPs. 
Although the chemically-stabilized NPs have low conductivity, (which limits their 
application for the development of conductive nanocomposites or ECAs), we postulated that 
by reducing the number density and the chain length of the stabilizing agent, the covering 
layer resistivity can be lowered and the NPs can be potentially used as reinforcing agents 
inside the ECA composites.  Furthermore, we hypothesized that the chemically-stabilized 
NPs can be readily dispersed into epoxy and can be fused into the conductive network at a 
low temperature because of their small size. Hence, we introduced the smaller Ag NPs into 
conventional ECAs, consisting of 60 wt% silver flakes, and investigated the effect of the NPs 
as well as the specific roles of their surface layer on the electrical conductivity of a 
nano/micro hybrid composite adhesive. Our research findings revealed, for the first time, the 
chemically-stabilized NPs can improve the electrical conductivity of the conventional ECAs 
at a relatively low curing temperature of 150 °C without the extra step of sintering at an 
elevated temperature. 
 
In recent years, high aspect-ratio nanofillers have been proposed as alternative materials for 
spherical NPs to overcome the concern of excessive contact points between NPs and to 
reduce the amount of conductive fillers [16,17,40–48]. High aspect-ratio nanomaterials can 
establish more stable and effective electrical network at lower filler contents with less 
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number of contact points within an electrical path. Moreover, they can provide better 
electrical conductivity without sacrificing the integrity and adhesive strength of the 
polymeric matrix [40]. For instance, Wu et al. reported a significant electrical conductivity 
improvement for the ECAs filled with 56 wt% silver nanowires (NWs) compared to that of 
the ECAs filled with micron-sized and/or nano-sized spherical silver particles with similar 
filler concentration [40]. The same results were reported by Tao et al. [49] and Chen et 
al.[45]. However, most of the studies performed in this field have involved the direct addition 
of silver NWs into epoxy resin without silver flakes; this situation requires a large amount of 
silver NWs to achieve high electrical conductivities [18,40,45]. There are few research 
reports on the development of hybrid filler systems using high aspect-ratio silver 
nanomaterials as auxiliary fillers in the formulation of the conventional ECAs. To the best of 
our knowledge, only Zhang et al. [50] reported the use of silver NWs along with the silver 
flakes (weight ratio of 2:3) to develop a hybrid fillers system and found a significant 
improvement in electrical conductivity of the fabricated ECA. This study suggested a 
synergetic effect of silver NWs and silver flakes on the electrical conductivity improvement 
of the hybrid ECAs.   
 
In the second part of this project, we incorporated a new class of high aspect-ratio nanofillers 
(i.e., Ag NBs) in the conventional formulation of ECAs to develop a novel type of hybrid 
ECA composite. The Ag NBs were synthesized through a high-yield chemical reduction 
method which was based on the self-assembly and room-temperature joining of the 
hexagonal and triangular silver NPs as structural blocks of the NBs. Compared to the 
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previously used silver NWs which are synthesized at high temperatures and long reaction 
times, the fabrication of this NBs is fast and occurs at room temperature [51]. In addtion, the 
Ag NBs have a low “weight to length” ratio, which can reduce the total mass of conductive 
fillers in the composite. Moreover, the high aspect-ratio NBs are able to form a percolated 
network at low concentrations. Our results revealed a significant improvement in the 
electrical conductivity of the hybrid ECA composites in comparison to the conventional 
ECAs, especially at concentrations close to the percolation value.  
 
After we understood the importance of the aspect-ratio of conductive nanofillers on the 
electrical conductivity enhancement of hybrid ECAs at low filler content, we examined 
graphene, which has the highest aspect-ratio among all nano-structured materials, as 
conductive co-filler inside the formulation of ECAs. Graphene is a flat monolayer of carbon 
atoms, 0.335 nm thick, densely packed into a honeycomb 2-D lattice structure [52–54]. Luan 
et al., demonstrated the significant potential of graphene to reduce the percolation threshold 
of ECAs by decreasing the tunnelling resistance inside the electrical network [54]. However, 
one challenge with the use of graphene is its aggregation during mixing with polymers, as 
graphene nanosheets tends to attract one another with strong van der Waals forces [55,56]. In 
order to harness the characteristic properties of graphene, the nanosheets need to preserve 
their unique single layer structure [57]. Pasricha et al., reported that the decoration of 
graphene with Ag NPs is an effective way to exfoliate graphene nanosheets, and to prevent 
their aggregation [58]. Considering that and inspired by the research works performed by 
Biak research group, (reporting significant electrical conductivity improvement via addition 
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of Ag NP-decorated CNT into the commercial ECAs), some research groups applied this idea 
for graphene for ECA application [23]. They believe that because of the higher aspect-ratio 
of graphene compared to CNTs [59], the Ag NP-decorated graphene should be a more 
promising co-filler to improve the electrical conductivity of conventional ECAs. Peng et al, 
recently reported an electrical conductivity improvement of ECAs via addition of Ag NP-
decorated graphene to the conventional ECAs [60]. However, we postulated that the surface 
decoration of graphene with Ag NPs significantly decreased the contact resistance between 
neighboring fillers only when sintering of Ag NPs on the graphene surface occurs.  
 
In the third step of this project, we employed a simple wet chemistry approach to decorate 
the graphene surface with Ag NPs for electrically conductive adhesive applications and 
carried out a systematic investigation on the effect of NPs sintering on the electrical 
conductivity improvement of hybrid ECAs. The NPs were functionalized with MPA to 
control their size and to prevent their oxidation. The small size of the NPs covered by very 
short chain length organic layer (MPA with 3 carbon atoms chain length) makes the NPs 
dispersible in organic solvent and susceptible to be sintered at low temperatures. The 
electrical conductivity of the hybrid ECAs with decorated graphene were measured at 
different curing temperatures and compared to those of conventional ECAs and hybrid ECAs 
with non-modified graphene. Our results showed that the Ag NP-decorated graphene is only 
effective to improve the electrical conductive of ECAs at low silver flake content via 
decreasing the tunnelling resistance. At high silver flake contents, elevated temperature is 
needed to achieve high electrical conductivity. We discussed the mechanism of electrical 
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conductivity improvement according to the quality of filler-filler interaction at different 
temperatures. The sintering behavior of conductive fillers was investigated using 
morphological, electrical, and thermal studies. We were able to prepare a highly conductive 
hybrid ECA by introducing a small amount of Ag NP-decorated graphene nanosheets (1 
wt%) to the conventional formulation of ECAs. The resultant hybrid ECAs were found to 
have a bulk resistivity of 4.6 × 10
-5
 Ω.cm which is close to that of lead-based solders [14]. 
 
As mentioned earlier, we demonstrated that the improved electrical conductivity of ECAs via 
addition of Ag NP-decorated graphene is mainly because of the increased surface area of 
electron transportation in which the increased number of contact points (due to the presence 
of Ag NPs on the graphene surface) may cancel out this positive effect [61]. In order to 
decrease the number of contact points sintering of NPs must occur which requires elevated 
curing temperatures (higher than 150 °C). We postulated that the single layer graphene 
without metallic decoration is a better option as auxiliary filler for ECA application if a 
proper exfoliation technique is applied to preserve its single layer structure within the epoxy 
matrix. Surface modification of graphene using organic materials is one approach to exfoliate 
graphene in which the interaction occurs via either covalent bonding or via π-π stacking. 
Although this technique is shown to be effective to exfoliate graphene layers [62,63], it 
hinders their electrical properties because it disturbs the π-electrons delocalization of 
graphene surface [56]. 
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Another method to exfoliate graphene nanosheets is based on the use of third component, 
known as a surfactant. In this approach, graphene layers are exfoliated by the mechanical 
energy provided by bath or horn sonication which overcomes the van der Waals interactions 
between graphene layers. At the same time, surfactant molecules adsorb onto the graphene 
surface and prevent their re-stacking via steric repulsions [64,65] (see Figure 1-1A). Some 
research groups implemented this method to produce surfactant-stabilized graphene from 
graphite powder. For instance, Lotya et al. reported the production of a high-concentration 
aqueous solution of graphene stabilized by sodium cholate surfactant using a long time low 
power sonication of graphite, followed by centrifugation [64]. In this project, we used a 
simple surfactant-assisted approach to disperse graphene nanosheets inside the conventional 
formulation of ECAs based on the use of an ionic surfactant, sodium dodecyl sulfate (SDS). 
The main advantage of this approach, as illustrated in Figure 1-1B, is we are able to preserve 
the single layer structure of graphene inside the nanocomposite without disturbing its 
structure. The single layer graphene nanosheets can effectively bridge between separated 
silver flakes and provide more surface area for electron transportation inside the electrical 
network. The electrical resistivity measurements of the hybrid ECA with SDS-modified 
graphene showed that SDS modification of graphene has a significant effect on enhancing 
the electrical conductivity of ECAs and reducing the amount of silver flakes.  
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Figure  1-1 A) SDS modification of graphene leads to exfoliation of graphene flakes, B) the 
bridging of SDS-modified graphene between separated silver flakes establishes a compete 
electrical network inside epoxy 
  
To shed further light on the effect of graphene aspect-ratio, we used graphene nanosheets 
with two different sizes (1 µm, and 5µm diameter) and applied the same SDS modification 
approach to exfoliate and disperse them inside the conventional ECAs. The electrical 
resistivities of the hybrid ECAs with small and large SDS-modified graphene were measured 
at different silver contents and compared to those of conventional and hybrid ECAs with 
non-modified graphenes. The results revealed that larger graphene are more effective to 
improve the electrical conductivity and reduce the amount of silver flakes than small 
SDS in 
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Bath Sonication 
(sheets will separate)
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A
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graphene. Highly electrical conductive ECA with a very low electrical resistivity of 1.6 × 10
-
5 Ω.cm was fabricated using 1.5 wt% of the SDS-stabilized large graphene and 80 wt% silver 
flakes. This fabricated ECA was more conductive than eutectic lead-based solder implying 
the great potential of the hybrid ECA with SDS-modified graphene to replace the traditional 
solders. 
 
In the following chapter, the principle of ECAs working mechanism and their electrical 
conductivity measurements techniques will be explained. Moreover, the most recent 
literature on the development of hybrid ECAs using different types of conductive 
nanomaterials will be discussed. In Chapter 3, we will present our research findings on the 
effect of spherical Ag NPs, functionalized with chemically absorbed thiocarboxylic acids, on 
the electrical conductivity of hybrid ECAs. In Chapter 4, electrical conductivity enhancement 
of hybrid ECAs using a novel type of high aspect-ratio Ag NBs will be illustrated. The use of 
graphene as conductive co-filler with two different surface modification approaches inside 
the conventional ECAs will be discussed in details in Chapters 5 and 6.  Finally, the thesis 
will be ended with Chapter 7, with the main concluding remarks based on the results 
obtained in this study, the main contributions of the thesis, and also both short-term and long-
term recommendations for future work of this project.  
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Chapter 2. Literature Background 
2.1 Electronic Packaging and Interconnects 
 
Electronic packaging is defined as interconnections between a functional component (e.g., 
integrated circuits (ICs)) and other elements in a system-level board so as to make an 
electronic product. In order to make an electronic device, various levels of packaging are 
needed. Each level is connected to another level using interconnection materials [11]. The 
main purpose of these materials is to provide electrical connections between different levels 
in order to transfer power and signal. These materials also provide physical, mechanical, and 
electromagnetic protection and help with heat distribution. Figure 2-1 shows how 
interconnection materials are implemented to attach a functional component to a substrate. 
 
 
Figure  2-1. A) Attachment of a functional component on a substrate, B) a schematic of 
interconnection between a functional component and a substrate [1] 
 
Functional component
A
Interconnect material
Electrical line B
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In the first level, after mechanical attachment to a substrate, a leadframe, bare dies or chip 
devices are electrically connected.  For example, the interconnection between an IC and a 
package is provided in the first level of packaging, which acts as an IC carrier. Nowadays, 
wire bonding and flip-chip bonding (see Figure 2-2) have dominated the first-level 
interconnections. In wire bonding, a very fine gold or aluminum wire with typical diameter 
of 1 mm is utilized to electrically connect the IC and the substrate. 
 
 
Figure  2-2.The schematic of two first level packaging techniques using ECA paste, A) filp chip, 
and B) wire bonding [11]. 
 
 
There are two common wire bonding techniques: Au ball-bonding (Figures 2-3A and 2-3B) 
and Al wedge-bonding (Figures 2-3C and 2-3D). In contrast to the wire bonding technique in 
which the active site of the chip is faced-up, in flip-chip bonding the active site is faced-
down. In flip-chip bonding, the normal wire-bond pads at the perimeter of the die are 
replaced by solder balls or metal bumps. The schematic of flip-chip bonding is shown in 
Figure 2-4. Solder balls or bumps have different functionalities such as creating electrical 
Bumped Chip
ECA layer Contact bumps with an ECA layer Chip
Chip with  ECA paste on pumbs
Place chip on a substrate and 
cure the ECA
A
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B
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path from the chip to the substrate. They also play an important role in mechanical mounting 
of chips on the substrate. Moreover, they electrically separate the chip and the conductors of 
the substrate [66]. These days, flip-chip bonding, due to its superior technological 
advantages, such as small size, high speed, electrical performance, and low cost, has gained a 
foothold in electrical packaging industries [66,67]. 
 
 
Figure  2-3. A), and B) The SEM images of Au ball-bonding; C), and D) The SEM images of Al 
wedge-bonding at different magnifications [66]. 
 
Figure  2-4. The detailed schematic of flip-chip bonding, A) A cross-section of assembly, B) 
Details of solder ball [66]. 
A DCB
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2.2 Interconnect materials 
 
As mentioned earlier, interconnect materials are used to connect different levels of an 
electronic packaging to one another. Lead-based alloys, especially eutectic tin-lead solders, 
are traditionally employed as interconnect materials for this purpose. However, lead has long 
been recognized as a health threat to human beings and the environment. Accordingly, 
considerable efforts have been made to eliminate lead from the interconnection materials, 
and finding proper alternatives has is an urgent research project for material researchers 
working in electronic industries. Currently, two main types of alternative materials are being 
used to replace lead-based alloys: lead-free metal solders (e.g., Sn/Ag; Sn/Ag/Cu), and 
polymer-based electrical conductive adhesives (ECAs) [68]. 
 
2.2.1 Lead-free metal solders 
 
Lead-free metal solders are already being used by many electronic industries as one of the 
alternatives for lead-based alloys. However, a lead-free solder should meet some basic 
requirements to achieve the expected performances to find their way in commercial products. 
For instance, the melting temperature of the solder should be low enough to avoid damaging 
the whole system and to decrease the operating cost. On the other hand, the melting 
temperature should be high enough so that the joint can tolerate the operating temperature at 
which the other parts of the system would be processed or the final product would be 
operated.  Furthermore, solder melts should be able to wet the base metal to ensure an 
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intimate contact and good bonding strength. Tin (Sn), due to its relatively low melting 
temperature (232 °C), low cost, and the ability to wet most metal surfaces [11], has been 
considered as primary element in lead-free metal solders.  Nowadays, eutectic Sn/Ag, 
eutectic Sn/Cu, eutectic Sn/Ag/Cu, and eutectic Sn/Zn are the most commonly used lead-free 
metal solders in industry [66]. However, the melting temperature of these metal solders is 
still higher than that of tin-lead solder (220 °C compared to 183 °C) which increases the 
solder reflow temperature from 230 °C to over 260 °C [19]. This high operating temperature 
can jeopardize the application of lead-free tin-based solders for organic/polymer packaged 
components and low-cost organic printed circuit boards/substrates.  Although some research 
studies have been successfully performed on the production of low meting lead-free alloys, 
their mechanical properties and their processibility are not satisfactory for real applications 
[19]. In addition, the availability of the ingredients and the cost effectiveness of final solder 
are other important requirements influencing the potential of these materials for replacing the 
traditional solders.  
 
2.2.2 Electrically conductive adhesives (ECAs) 
 
Electrically conductive adhesives (ECAs), another alternative for replacing lead-based 
solders, are composite materials consisting of a polymeric binder and a conductive filler(s). 
The polymeric binder provides physical and mechanical strength to the adhesive, while the 
conductive fillers create an electrical network for the transfer of electrons. Easy processing, 
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unique mechanical and physical properties of polymers make them ideal structural materials 
in ECAs. In addition, the desired properties of the ECAs can be tuned by manipulating the 
structure of the polymers or by adding other materials to their formulation. Compared to the 
metallic and ceramic materials, ECAs can be fabricated by various processes with relatively 
low manufacturing cost; they have become one of the most widely-used materials in the field 
of electrical packaging [67]. A general comparison between some properties of the 
commercial ECAs and tin-lead (Sn/Pb) solders is presented in Table 2-1. It should be noted 
that the performance of ECAs depends on the properties of polymeric matrix, the type and 
surface properties of conductive fillers, the amount of conductive materials inside the 
composite, and also the quality of filler dispersion. Each of these parameters can significantly 
influence the final properties of the ECAs composite. 
 
Table  2-1. General comparison between commercial ECAs and tin-lead solder [11] 
Characteristic Sn/Pb solder ECA 
Volume resistivity (Ω cm) 0.000015 0.00035 
Typical junction R (mΩ) 10-15 <25 
Thermal conductivity (W/m K) 30 3.5 
Shear strength (psi) >2200 2000 
Finest pitch (mil) 12 <6-8 
Minimum processing temperature (°C) 215 150-170 
Environmental impact Negative Very minor 
Thermal fatigue Yes Minimal 
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2.3 Chemistry, Formulation, and Properties of ECAs 
2.3.1 Polymeric Matrix of ECAs 
 
For an ideal polymeric matrix of an ECA, the properties such as long shelf life, easy and fast 
curing, relatively high glass transition temperature (Tg), good adhesion, and proper moisture 
resistivity are necessary [69]. Both thermoset and thermoplastic materials can be used as the 
polymeric matrix of ECAs. The main advantage of thermoplastic-based ECAs over 
thermoset-based ones is their reworkability, but their performance (i.e., mechanical and 
adhesion properties) declines considerably at elevated temperature [11]. On the other hand, 
thermoset polymers provide better adhesion compared to thermoplastic polymers and have 
better thermal and chemical resistances. In the following, we elaborate on epoxy’s properties 
(as the polymer of interest of this project), and its synthesis procedure. 
  
Epoxy is the most commercialized polymer used for ECA fabrication because of its excellent 
adhesion, low shrinkage, superior resistance to thermal and mechanical shocks, and 
reasonable cost. It also has good resistance to moisture, solvents, and chemical attack. Its 
properties may be further improved by a suitable choice of solvents, fillers, colorants, flame 
retardants, flexibilizers, and/or cure accelerators [66]. Bisphenol A epoxy is a hazardous 
material which should not be used in a direct contact with human body. However, as a 
polymeric matrix for interconnecting material, the contact of this material with human body 
is minimal which makes its environmental concern minimum. The commercial procedure of 
epoxy synthesis consists of a reaction between bisphenol A and epichlorohydrin in the 
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presence of sodium oxide which leads to production of  bisphenol A epoxy with the structure 
presented in Figure 2-5. The physical state of epoxy resin depends on the repletion number 
(n) which varies from liquid (n = 0) to hard solid (n ≈ 30). The viscosity of epoxy is 
determined by the ratio of bisphenol A to epichlorohydrin.  
 
 
Figure  2-5. The mechanism of synthesis of bisphenol A epoxy. 
 
2.3.2 The curing of epoxy 
 
ECAs render electrical conductivity only when an epoxy is cured. Hence, understanding the 
curing behavior of epoxy is of significant importance. The desired properties of epoxy are 
obtained by reaction of the linear epoxy resin with suitable curing agents (known as curing 
reaction) to form three-dimensional cross-linked thermoset structures. Curing is an 
exothermic reaction and in some un-controlled cases may produce sufficient heat to cause 
thermal degradation. Curing may occur throughout epoxy homo-polymerization (reacting an 
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epoxy with itself) or via reacting with a curing agent or hardener. Depends on the application 
technique, curing condition, pot-life requirement and desired physical properties, the curing 
agent can be varied [66]. The common hardeners for epoxy resins include amines, acids, acid 
anhydrides, phenols, alcohols and thiols where the relative reactivity is approximately in the 
following order: phenol < anhydride < aromatic amine < cycloaliphatic amine < aliphatic 
amine < thiol. Here we elaborate on amines as the most used hardener for curing epoxy.  
 
Figure 2-6 shows the curing reaction between an epoxide group of epoxy and an aliphatic 
amine. Primary amines are one of the most important parts of amine hardener. In a typical 
curing reaction between an aliphatic amine hardener and epoxy, primary amines react with 
the epoxide groups of epoxy to form a hydroxyl group and a secondary amine as shown in 
see Figure 2-6A. The secondary amine can further react with an epoxide to form a tertiary 
amine and an additional hydroxyl group (see Figure 2-6B). For aliphatic amines both primary 
and secondary amino hydrogens have approximately the same reactivity. Use of a di-
functional or poly-functional amine along with a di-functional epoxy resin forms a three-
dimensional cross-linked network. It should be noted that an amine type hardener will alter 
both the processing properties (viscosity, reactivity) and the final properties (mechanical, 
temperature and chemical resistance) of the cured copolymer network.  
 
Although the curing of epoxy in the presence of hardener can happen at ambient temperature, 
for the most cases it requires heat to complete the curing reaction. Insufficient heat during 
cure will result in a network with incomplete polymerization, and thus reduced mechanical, 
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chemical and heat resistance. To obtain the best properties, the curing temperature should 
attain the Tg of the fully cured network. In some cases epoxy is cured in a step-wise fashion 
to control the rate of curing and prevent excessive heat build-up from the exothermic 
reaction. 
 
 
Figure  2-6. The curing mechanism of epoxy and a) a primary amine, b) secondary amine. 
 
2.3.3 Conductive Fillers of ECAs 
 
To make an insulating polymer electrically conductive, conductive fillers should be added to 
the polymer matrix of the ECAs; upon achieving the critical concentration of filler 
(percolation threshold), the insulating polymer will turn into a conductive one.  Different 
materials such as metallic fillers (e.g., copper, nickel, gold, or silver particles), or carbon-
based materials (e.g., carbon black, carbon nanotubes, and graphene) can be used as 
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conductive fillers. Among all these fillers, silver, due to its best electrical and thermal 
conductivity at room temperature, easy processability, and the conductive nature of its oxide 
has been the first and foremost utilized conductive filler in commercial ECAs. The SEM 
images of different types of silver fillers including flakes, NPs, and NWs are shown in Figure 
2-7. Currently, in the most commercial ECAs silver flakes are being used as conductive filler 
because of their high conductivity, easy processing, and high surface area for electron 
transportation inside the electrical network. The size of silver flakes is usually between 1 to 
20 μm. Bigger particles provide higher conductivity while delivering lower viscosity. 
 
 
Figure  2-7. The SEM images of A) spherical silver flakes; B) silver NPs; and C) silver NWs. 
 
2.4 The working mechanism of ECAs 
 
The mechanism of electron transferring inside an ECA is usually explained by the 
percolation theory [70]. For each ECA, a specific concentration is defined as “percolation 
threshold”. It is the concentration in which a continuous linkage of conductive particles 
occurs. Following the addition of conductive fillers to a resin, the electrical resistance of 
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ECA slowly decreases until the percolation point. Before percolation there is no practical 
connection between fillers. After the percolation threshold the resistivity of ECAs drops 
abruptly while beyond that adding more filler does not decrease the resistivity significantly 
[71]. The schematic of relation between the electrical resistivity of an ECA and filler content 
according to the percolation theory is shown in Figure 2-8. 
 
 
Figure  2-8. Typical percolation curve for an ECA based on the percolation theory. 
 
 
Based on this theory, ECAs can be categorized into three major types, namely isotropically 
conductive adhesive (ICA), an-isotropically conductive adhesive (ACA), and non-conductive 
adhesive (NCA) (see Figure 2-9). ICAs are those adhesives which are able to transfer 
electrons in all directions, while ACAs transfer electrons only in one direction; NCAs are 
those adhesives which cannot transfer current in any direction [19]. In ICAs, the 
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concentration of conductive fillers is higher than the percolation threshold, making them able 
to transfer electrons in all directions. On the other hand, ACAs operates in the regions below 
the percolation threshold; conductive fillers in ACAs are separated from each other and can 
transfer electrons only in one direction, mostly upon applying high pressure, coupled with 
thermal treatments [19]. From now on, the word ECAs refer to ICAs as the conductive 
adhesive of interest in this project. 
 
 
Figure  2-9. The schematic of application of different types of ECAs; a) ICA; b) ACA; c) NCA 
[19]. 
 
The percolation value depends on different parameters such as size [72], morphology [47], 
nature [73] and the dispersion state of conductive fillers. Each parameter influences the 
quality of conductive filler linkage in the electrical network, differently. The size of 
conductive fillers and their size distribution are important parameters affecting the 
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percolation threshold concentration. Wu et al filled epoxy with Ag NPs with different sizes 
(5-1000 nm) and studied the effect of the size of NPs on the percolation value [72]. They 
observed as the NPs size increased from 5 to 50 nm, the percolation concentration decreased 
to a minimum value of 63 wt%, which was 10 wt% less than that of conventional ECAs filled 
with micron-sized Ag particles. However, for the NPs bigger than 50 nm, the percolation 
concentration increased, suggesting there is an optimum particle size to form a percolated 
network. It has also been reported that the percolation value decreases with broad particle 
size distribution [74]. The percolation concentration also depends on the morphology of 
conductive fillers. Lower percolation threshold can be obtained using high aspect-ratio filler 
because they can provide more connected pathways at lower filler content [47,73]. The 
dispersion state of conductive fillers also has a significant effect on the percolation value. 
Presence of agglomerations in some level can be useful to form a percolated network at 
lower filler contents [75]. Li et al. prepared nanocomposites of CNT and epoxy using four 
different preparation conditions to provide different dispersion states of CNTs inside epoxy 
[76]. The reported percolation thresholds ranged between 0.1 wt% to 1 wt% in which the 
lowest value belonged to the nanocomposite with the second poorest dispersion state. They 
observed that the composite with the best dispersion state did not show any conductivity.  
 
According to percolation theory, electrons are transferred through electrical pathways 
provided via the filler connections. Figure 2-10 schematically shows the mechanism of 
electron conduction throughout the electrical network. The overall resistance of an ECA can 
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be considered as the summation of series of resistivities, including the bulk resistance of 
filler (Rf), and filler-filler contact resistance (Rf-f) [22,74]. 
𝑅𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =  𝑅𝑓 + 𝑅𝑓−𝑓       Equation 2.1 
 
Figure  2-10. The mechanism of electrical conduction in an ECA; Rf, Rt, and Rc are the bulk 
filler, tunnelling and constriction resistances, respectively. 
 
 
For a specific filler system, the contact resistance (Rf-f), indicated by red circles in Figure 2-
10, is the dominant factor that affects the overall resistance of an ECA. Therefore, to improve 
the electrical conductivity of ECAs with a specific material as conductive filler, the most 
effective way is to decrease the contact resistance between neighboring fillers [11]. The 
contact resistance itself is the summation of two basic resistances; “constriction resistance”, 
and “tunnelling resistance” [77]. The former is related to the restrictions against free flow of 
electrons through sharp contact points; the lower number of contact points, the less 
constriction resistance. Compared to smaller ones, larger particles provide lower number of 
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contact points and larger contact area for electrons transportation inside the network [22]. 
Hence, micron-sized fillers, e.g., silver flakes, are preferred to be used as the main 
conductive filler inside ECAs. On the other hand, the tunnelling resistance comes from the 
spots where there are no direct connection between conductive fillers; and, electrons need to 
overcome a barrier energy to transfer through the network. This energy causes the tunnelling 
resistance. For a specific nanofiller, a cutoff distance is defined where the resistance between 
two parallel neighboring fillers is 30 times higher than the resistance of a single nanofiller 
[78]. The cutoff distance (C) varies for different types of nanofillers. For example, the cutoff 
distance for Ag NWs is approximately 150 nm while it is 1 nm for carbon nanotubes (CNTs) 
[79]. When the center line of two neighboring non-contact nanofillers (d) is larger than their 
diameter (D) and smaller than or equal to a cutoff distance, D < d ≤ C, tunnelling of electrons 
occurs. Simmons in 1963 derived a generalized formula to quantify the tunnelling effect 
between similar electrodes separated by a thin insulating film [80]. Based on his method, the 
tunnelling resistance for two adjacent non-contact Ag NWs or CNTs can be approximately 
calculated as [78]: 
 
𝑅𝑡𝑢𝑛𝑛𝑒𝑙 =
𝑉
𝐴𝐽
=
ℎ2𝑑
𝐴𝑒2√2𝑚𝜆
𝑒𝑥𝑝 (
4𝜋𝑑
ℎ
√2𝑚𝜆)     Equation 2.2 
 
where V is the electrical potential difference, J is the tunnelling current density, h is the 
Plank’s constant, e is the electron charge, m is the mass of electron, A is the cross-sectional 
area of tunnel, and λ is the height of the barrier energy (for epoxy is 0.5–2.5 eV). The barrier 
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energy depends on the materials that insulate the surface of the Ag NWs (e.g., the polymeric 
matrix, covering layer, or contamination on the surface of fillers) [74,77].  
2.5 Electrical conductivity measurement of ECAs 
 
The most important function of an ECA is to form electrical connections with desired 
electrical conductivity between different electronic parts to form a circuit. Hence, the main 
focus of the researchers working in this field is to decrease the electrical resistivity of ECAs 
(close to that of the traditional eutectic lead-based solders). Utilization of proper electrical 
resistivity measurement techniques is of significant importance to examine the efficiency of 
an ECA. There are two common ways to measure the electrical resistivity of an ECA: two-
terminal (2T) sensing and four-terminal (4T) sensing methods. Figure 2-11 schematically 
shows the circuit configuration for each method. The 2T sensing method consists of a circuit 
in which current passes through both the resistor and the voltmeter (Figure 2-11A). In this 
method, the measured voltage is the summation of voltage drop in the resistor as well as the 
voltage drop in other parts of the circuit. This method is useful for the applications where 
high accuracy is not needed.  
 
However, 4T sensing method, which is so called Kelvin method, is often employed when 
high accuracy and optimum performances are required. This method of measurement 
eliminates inaccuracy, attributed to wire resistances, which can be significant in very low 
resistivities. Figure 2-11B shows the connections of 4T sensing method which enables the 
voltage drop measurements exclusively across the resistor. The voltage circuit has high 
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impedance so that it draws no significant current. Since no current passes through the voltage 
sensor, one can measure the voltage drop between points a and b (resistor), exclusively (see 
Figure 2-11B). 
 
 
Figure  2-11. The circuit configurations of A) two-terminal and B) four-terminal sensing 
method. 
 
The electrical resistivity measurement of ECAs is usually performed based on 4T sensing 
method rather than 2T sensing method. Four-point probe machine is often utilized for this 
purpose. In this technique, four probes touch a sample surface in which two of the probes are 
used to apply a specific amount of current through the sample while the others measure the 
voltage using a high impedance voltmeter (Figure 2-12). This method of measurement 
eliminates different sources of error such as the probe resistance, the spreading resistance 
under each probe, and the contact resistance between each metal probe and samples.  
 
In 1957, Smits developed analytical calculations to evaluate correction factors for the bulk 
resistivity measurements on infinite and finite sheets using a four-point probe machine. 
I
V
a b
I
V
I
A B
I
  32 
According to his work, in an infinite sheet, a current source causes a rise to the logarithmic 
potential, 
𝜑 − 𝜑0 = −
𝐼𝜌𝑠
2𝜋
ln 𝑟        Equation 2.3 
 
 
Figure  2-12. The configuration of a four-point probe technique for electrical conductivity 
measurements. 
 
 
where φ is the potential, I the current, ρs the sheet resistivity, and r the distance from the 
current source. In particular, for a dipole (+ source and ― source), Equation 2.3 can be 
rewritten as 
 
𝜑 − 𝜑0 =
𝐼𝜌𝑠
2𝜋
ln
𝑟1
𝑟2
        Equation 2.4 
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For a four-point probe on a sheet, the two outside probes (current) are considered the dipole. 
Therefore, the potential difference between the two inner probes (voltage) with equal point 
spacing for an infinite sheet is 
 
∆𝜑 = 𝑉 =
𝐼𝜌𝑠
𝜋
ln 2        Equation 2.5 
 
Thus, the sheet resistivity can be calculated as 
 
𝜌𝑠 =
𝑉
𝐼
𝜋
𝑙𝑛2
=
𝑉
𝐼
4.53 …        Equation 2.6 
 
For a finite sheet with non-conductive boundaries Equation 2.6 is rewritten as 
 
𝜌𝑠 =
𝑉
𝐼
𝐶         Equation 2.7 
 
where C is a shape correction factor and depends on (a/d) and (d/s) ratios; where a and d are 
the length and width of the sheet, respectively, and s is the spacing between the probes 
(Figure 2-12). Table 2-2 presents the shape correction factor (C) for the sheet resistivity 
measurements of finite sheets. 
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For a sample with a finite thickness of w, the voltage gradient, perpendicular to the surface, 
must be considered while these gradients are negligible for a sheet with w→ 0. Smits related 
the bulk resistivity of an infinite sheet with a finite thickness of w to ρs as 
 
𝜌 = 𝜌𝑠𝑤 =
𝑉
𝐼
𝑤
𝜋
𝑙𝑛2
𝐹 (
𝑤
𝑠
)       Equation 2.8 
 
where F is a correction factor because of the thickness of the sample. For a finite slice with 
the thickness of w, the shape correction factor, C, must be added to the Equation 2.8. 
 
𝜌 = 𝜌𝑠
𝑉
𝐼
𝑤𝐶𝐹 (
𝑤
𝑠
)        Equation 2.9 
 
For 0.4 ≤ w/s ≤ 1, F is close to 1. 
 
It should be noted that the measurement using 4T sensing may be affected by the surface 
properties of conductive samples which may cause inaccuracy for bulk resistivity 
measurements.  
 
Table  2-2. The shape correction factor (C) for sheet resistivity measurement of finite sheets 
using four-point probe technique. 
d/s a/d = 1 a/d = 2 a/d = 3 a/d ≥ 4 
1.0   0.9988 0.9988 
1.25   1.2464 1.2464 
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1.5  1.4788 1.4893 1.4893 
1.75  1.7196 1.7238 1.7238 
2.0  1.9454 1.9475 1.9475 
2.5  2.3532 2.3541 2.3541 
3.0 2.4575 2.7000 2.7005 2.7005 
4.0 3.1137 3.2246 3.2248 3.2248 
5.0 3.5098 3.5749 3.5750 3.5750 
7.5 4.0095 4.0361 4.0362 4.0362 
10.0 4.2209 4.2357 4.2357 4.2357 
15.0 4.3882 4.3947 4.3947 4.3947 
20.0 4.4516 4.4553 4.4553 4.4553 
40.0 4.5120 4.5129 4.5129 4.5129 
∞ 4.5324 4.324 4.5325 4.5324 
 
 
Table  2-3. Correction factor (F) for bulk resistivity measurement of finite sheets with thickness 
of w using four-point probe. 
w/s F (w/s) 
0.4 0.9995 
0.5 0.9974 
0.5555 0.9948 
0.6250 0.9898 
0.7143 0.9798 
0.8333 0.9600 
1.0 0.9214 
1.1111 0.8907 
1.25 0.8490 
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1.4286 0.7938 
1.6666 0.7225 
2.0 0.6336 
 
 
2.6 Electrical conductivity improvement of ECAs 
 
Since the invention of ECAs in 1950, [71] different approaches such as increasing the 
shrinkage of epoxy [81], surface engineering of silver flakes [82–84], adding low-melting 
components to provide metallurgical connection between silver flakes [85], and addition of 
nano-size conductive materials to the formulation of conventional ECAs [15,20,39,43,86], 
have been taken to improve the electrical conductivity of ECAs. Each approach is an attempt 
to decrease either the constriction or tunnelling resistances. 
 
2.6.1 Increasing the shrinkage of epoxy 
 
Before curing, ECAs, consisting of silver flakes and epoxy, do not show any conductivity; 
however, after curing, the conductivity dramatically increases [11].  Although the reason is 
not fully understood, it seems that shrinkage of the polymer is responsible for the enhanced 
electrical conductivity. In other words, curing causes a compressive stress on the filler 
particles, promoting better particle-to-particle contact thereby improving the conductivity 
[81]. It has been reported that increasing the crosslinking density increases the shrinkage of 
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the polymeric matrix, resulting in higher electrical conductivity of the ECAs. Therefore, 
polymer binders with higher degree of cross linking exhibit higher conductivity [81].   
 
2.6.2 Surface treatment of silver flakes 
 
Surface treatment of silver flakes has also been applied to improve the electrical conductivity 
of the ECAs. During the production of silver flakes, they are usually covered with a thin 
layer of organic lubricants, typically a fatty acid, having a long hydrocarbon chain. The 
purpose of this layer is to solve the dispersion and agglomeration issue of these metallic 
fillers, which arise mainly due to their high surface energy. However, these long-chain 
hydrocarbons are insulating materials, deteriorating the electrical properties of ECAs. 
Replacing the long-chain covering layer with short-chain layers can facilitate the access to 
the surface of silver flakes and provide more effective contact between them. In other words, 
by decreasing the thickness of the covering layer, the electrons can tunnel more easily 
between silver flakes. For instance, the electrical conductivity improvement of ECAs using 
in-situ replacement of long-chain stearic acid with some short-chain dicarboxylic acids has 
been reported [82]. Another approach to improve the electrical conductivity of an ECA via 
surface treatment of silver flakes is to reduce the silver oxide, which spontaneously forms on 
a silver surface, to pure silver. Although silver oxide, unlike other metal oxides, is 
conductive, its conductivity is still much lower than that of pure silver. For example, the 
application of reducing agents such as aldehydes to reduce silver oxide to silver (see 
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Equation 2.10) has been found as an effective way to improve the electrical conductivity of 
ECAs [87]. 
 
𝑅 − 𝐶𝐻𝑂 + 𝐴𝑔2𝑂 → 𝑅 − 𝐶𝑂𝑂𝐻 + 2𝐴𝑔     Equation 2.10 
Other than reducing the silver oxide, the product of this reaction (i.e., R―COOH, which is a 
stronger acid in comparison to stearic acid) can replace the long-chain stearic acid molecules 
on the surface of silver flakes, leading to higher conductivity of silver particles. 
 
2.6.3  Incorporation of nano-sized conductive particles  
 
The extensive progress in nanotechnology has led to intensive interests to design nano-size 
materials with different shapes, and surface chemistries. Owing to the exceptional and 
fascinating characteristics of these nanomaterials, the introduction of nano-size conductive 
fillers inside the conventional ECAs has attracted considerable attention to improve the 
electrical conductivity of ECAs. The size [15,72], morphology [47], surface properties 
[20,21,39] and even the type of conductive nanofillers [84,88] have different impacts on the 
final electrical conductivity of ECAs by influencing the contact resistance inside the 
electrical network. One of the features of nanomaterials that significantly influences the 
properties of composites is their aspect-ratio. Figure 2.13 schematically shows the definition 
of the aspect ratio of different types of nanofillers. The aspect ratio of a particle can be 
defined as the ratio between the largest dimension to the smallest dimension of a particle. In 
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the following, we summarize the recent research activities which employed nano-size 
conductive materials (spherical Ag NPs (0-D), high aspect-ratio silver nanofillers (1-D), and 
graphene (2-D)) as auxiliary filler inside the conventional ECAs to develop new generations 
of hybrid ECAs. 
 
Figure  2-13. The aspect ratio of different morphologies of nanofillers 
  
2.6.3.1 Spherical Ag NPs 
 
The incorporation of spherical Ag NPs to the system of epoxy and silver flakes has been 
practiced by many research groups to develop new hybrid filler systems 
[15,20,25,26,34,35,37,39,49]; however, the role of NPs in modulating the electrical 
conductivity of ECAs is still controversial. Generally, it has been believed that adding Ag 
NPs at concentrations less than the percolation value improves the electrical conductivity of 
ECAs.  Lee et al. reported a positive effect of Ag NPs on electrical conductivity when the 
filler concentration is less than the percolation threshold [89]. Chee and Lee anchored Ag 
l
t
l
t
l
t
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NPs on the surface of silver flakes by direct reduction of silver nitrite without using any 
capping agent [90]. Subsequently, they added the decorated silver flakes into epoxy and 
reported an electrical conductivity improvement at the beginning of the percolation regime. 
Since at concentrations less than percolation value silver flakes are not completely connected 
to each other, electron tunnelling is the dominant mechanism for electron transferring inside 
the network. Spherical NPs or their cluster by placing between separated flakes can make 
them connected and provide more electrical pathways inside the network which in turn 
reduces the tunnelling resistance.  
 
On the other hand, simply adding Ag NPs after the percolation concentration may have 
negative effects on the electrical conductivity. In both previously mentioned studies, the NPs 
decreased the electrical conductivity beyond the percolation threshold. Fan et al. and Mach et 
al. also reported negative effect of Ag NPs on the electrical conductivity of a system of silver 
flakes and epoxy [91,92]. This situation can be explained by the concept of the constriction 
resistance [20]. As mentioned before, constriction resistance is one of the parameters 
affecting the total resistance of an ECA. This resistance is due to the restrictions against the 
free flow of electrons through a contact point (i.e., sharp contact); the higher the number of 
contact points, the higher the constriction resistance. Addition of NPs increases the number 
of contact points among fillers in the network, which in turn increases the contact resistance. 
Furthermore, the large amount of NPs (compared to silver flakes content) may increase the 
spacing gap between silver flakes and hindered their effective contacts, resulting in lower 
electrical conductivity values [36]. 
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It should be noted that most research works, which were carried out to investigate the effect 
of Ag NPs on the electrical properties of ECAs, used NPs larger than 20 nm (see Table 2-4). 
However, it has been reported that very small Ag NPs, i.e., less than 10 nm, can have 
positive effects on the electrical conductivity of ECAs, even beyond the percolation contents 
[15,20]. Very small NPs can increase the surface area for electron transport inside the 
electrical network by filling the gaps and interstitial spaces between larger silver flakes (see 
Figure 2-14A). In a study by Jeong et al., the positive effect of very small Ag NPs (i.e., 5 nm) 
on the electrical conductivity of ECAs at the concentrations higher than percolation threshold 
was reported [15]. Using SEM images (Figure 2-14B and 2-14C), they showed that small Ag 
NPs filled the interstices between silver microparticles, which resulted in the bulk resistivity 
of 8 × 10
-6
 Ω.cm for the ECAs filled with 92 wt% of silver powder. 
 
2.6.3.1.1 Sintering or metallurgical contact among silver flakes and NPs 
 
As mentioned before, the increased number of contact points inside the electrical network is 
a challenge of using Ag NPs inside the ECA formulation. Sintering between Ag NPs is a 
potential approach that has been proposed to resolve this issue [20,21,34,35,37]. Sintering is 
a method to form an object from its powder and is based on diffusion between surface atoms. 
For metal particles, the atoms near the surface have fewer bonds with each other, thus, less 
energy is needed for them to leave the surface [93,94]. For metallic NPs, possessing a large 
surface area per given volume, the majority of atoms are present on the surface; this situation 
allows them to be sintered at temperatures far lower than their bulk melting temperature. This 
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phenomenon is called the “depressed melting point effect” [95,96]. Owing to this interesting 
feature, it is possible to form an electrical network with metallurgical connections between 
fillers by incorporation of nano-size materials inside the conventional formulation of ECAs 
where the formation of metallurgical contact between silver flakes at low temperatures is not 
possible. 
 
As schematically shown in Figure 2-15A, sintering not only decreases the number of contact 
points between fillers, but also increases the contact area of electron transferring. Triggering 
sintering inside ECAs significantly helps to achieve higher electrical conductivity at low 
temperatures. Jiang et al. reported the electrical resistivity of 5×10
-5
 Ω.cm upon the 
incorporation of carboxylate functionalized Ag NPs to the system of silver flakes and epoxy 
(with total filler content of 80 wt%). They related the low electrical resistivity to the sintering 
of NPs at low curing temperature of 150 °C. Figures 2-15B and 2-15C show NPs 
morphological change after sintering [21].  
 
The thermodynamic driving force for particle sintering of any size is based on the reducing 
their surface energy which can be expressed by [97] 
 
𝜎 = 𝛾𝐾 = 𝛾 (
1
𝑅1
+
1
𝑅2
)       Equation 2.11 
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Figure  2-14. A) A schematic of electron conduction in conventional and hybrid ECAs, B) an 
SEM image of a conventional ECA, showing a gap between two silver micron-sized particles, C) 
an SEM image of a hybrid filler system, showing Ag NPs filling the gap between two [15] 
 
where γ is the surface energy, K is the curvature of a surface, and R1 and R2 are the principle 
radii of the curvature. For a convex surface the curvature is taken to be positive and for a 
concave surface is negative. According to Equation 2.11, the driving force for particles 
sintering is inversely proportional to their size. Therefore, the driving force for the sintering 
of nano-sized particles is significantly larger than micro-sized particles. Apart from the 
surface energy driving force, there is another driving force for particle sintering which is 
related to mass transport phenomenon. The mass transport, occurring during sintering, is 
driven by the difference in the vacancy concentration (∆𝐶𝑣 = 𝐶𝑣 − 𝐶𝑣0), where Cv is the 
vacancy concentration of a surface with the curvature of K, and Cv0 is the vacancy 
concentration of a flat surface. The relation between Cv and Cv0 is defined by Gibbs-Thomson 
equation 
Contact area
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Hybrid ECA
Contact area
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Current
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Figure  2-15. A) The schematic of sintering between Ag NPs, B) Ag NPs before sintering, and C) 
after sintering (figures B and C have been reproduced from copyright springer) [15] 
 
𝐶𝑣 = 𝐶𝑣0 exp (−
𝛾𝐾𝛺
𝑘𝑇
)        Equation 2.12 
 
where Ω is the atomic volume, k is Boltzmann’s constant, and T is the absolute temperature. 
For micron-sized particles the term (−
𝛾𝐾𝛺
𝑘𝑇
) is smaller than 1, accordingly ∆Cv is equal to 
 
∆𝐶𝑣 ≈ −𝐶𝑣0
𝛾𝐾𝛺
𝑘𝑇
        Equation 2.13 
 
However, for nano-sized particle, the mass transport driving force is expressed by 
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∆𝐶𝑣 = 𝐶𝑣0 [exp (−
𝛾𝐾𝛺
𝑘𝑇
) − 1]      Equation 2.14 
 
Equation 2.14 shows when the particles size decreases to nanoscale the mass transport 
driving force increases, exponentially. All in all, the sintering driving force of any particle 
consists of two distinct parameters: surface energy driving force and mass transport driving 
force. For nano-sized particles, both of these parameters are significantly larger than micron-
sized particles. This explains why the presence of nano-sized particles is necessary in the 
system of conventional ECAs to provide metallurgical connection among micron-sized silver 
flakes. 
 
Rather than their size, sintering of NPs is affected by the covering layer on their surface 
[22,38,98]. NPs without any surface coverage can be sintered to each other even at room 
temperature [35,38]. Metallic NPs thermodynamically tend to form aggregates to reduce their 
surface energy. An organic layer over their surface can prevent the aggregation by providing 
large steric repulsion and also reducing their surface energy [96]. However, the presence of 
this organic layer is detrimental to the sintering at low temperatures which is a vital 
requirement for temperature sensitive devices. Hence, to make sintering happen at low 
temperature, the organic layer should be easily removed from the surface of NPs. The 
common stabilizing agents, such as polyvinylpyrrolidone (PVP), polyethylene glycol (PEG), 
long-chain alkanethiol, and amines usually form chemical bonds with NPs surface, which are 
hard to remove. In the most cases, a large amount of these stabilizing agents cover the 
surface of NPs. To detach these organic residues elevated temperatures (i.e., 200 °C or 
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higher) are often needed, which is usually higher than bearing temperature of the polymeric 
matrix or substrate. 
 
Proper surface functionalization techniques can provide a controlled amount of organic 
material over the NPs surfaces with controlled de-bonding temperature. Remarkable efforts 
are in progress to reduce the sintering temperature due to the thermal sensitivity of 
components in organic electronic devices [26,34,35,37,99]. For instance, in a study by Zhang 
et al., they investigated the effect of different surface covering layers on the sintering 
temperature of Ag NPs, as well as the final electrical resistivity of nanocomposites [37]. 
They synthesized Ag NPs using combustion chemical vapor condensation (CCVC) method 
providing less amount of surface residue on NPs surface compared to the common wet-
chemical methods. They used the same precursor but different reducing atmosphere, which 
led to the formation of NPs with carboxylate and oxidized surface. They reported that the 
complete removal of surface residue has a significant influence on the final electrical 
conductivity of epoxy filled with Ag NPs and silver flakes. To study the effect of surface 
residue on electrical conductivity, they cured the composite at 180 °C and achieved a bulk 
resistivity of 4.8 × 10
-5
 Ω.cm for the ECAs filled with 80 wt% of silver (flakes and NPs); this 
resistivity was three orders of magnitude less than that of the ECAs cured at 150 °C. This 
electrical resistivity difference is because at 150 °C some organic residues are still present on 
the NPs surface, inhibiting their complete sintering.  
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Some research groups tried to sinter Ag NPs inside epoxy by in situ synthesis method. Using 
this technique, one can generate Ag NPs without any surface residue during curing process, 
which in turn provides the chance to sinter at very low temperature. For instance, Gao et al., 
reported in situ synthesis of Ag NPs inside epoxy (filled with 80 wt% of silver flakes) during 
the curing process without the use of stabilizer; they reportedly reached a bulk resistivity of 
7.5 × 10
-5
 Ω.cm [35]. 
 
2.6.3.1.2 The effect of covering layer chain length  
 
As mentioned earlier, NPs are usually covered by an organic material to control their shape, 
properties, and also prevent their aggregation in different media. As reinforcing agent in 
nanocomposite fabrication, NPs must also be covered by some organic layer to make them 
compatible with their polymeric host. These layers (due to their insulating nature) inhibit the 
electrical performance of the final composite. The chain length of the organic layer over the 
surface of fillers is a critical parameter which influences the final electrical properties of 
ECAs; shorter chain lengths result in better electron transportation than the longer ones. Jiang 
et al. studied the effect of the introduction of Ag NPs treated by 5 different surfactants inside 
epoxy. Their results showed that the surfactant chain length has an important impact on the 
sintering initiation and consequently, the resistivity of ECAs (see Table 2-4), although it has 
not been mentioned what kind of surfactants were used [22].  
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Table  2-4. A comparison between different ECAs with hybrid filler systems of micro/nano silver 
particles 
Research group 
r1 
(wt%)* 
r2 
(wt%)** 
NP size 
(nm) 
NP surface 
modification  
r3 
(wt%)*** 
Bulk resistivity 
(Ω.cm) 
Lee et al. [89]  ― 98.2 50 none 98.2 1.93 × 10-4 
Fan et al. [91] 77.5 2.5 55 none 80 10-4 
Mach et al. [92] 75 3.5 80-100 none ~ 79 0.02 
Jeong et al. [15] 90 2 5 none 92 8 × 10-6 
Jiang et al. [21] 48 32 16 
Carboxylate 
group 
80 5 × 10-5 
Jiang et al. [22] ― 70 N/A N/A 70 2.4 × 10-4 
Gao et al. [35] 80 N/A 20-30 none N/A 7.5 × 10-5 
Zhang et al. [34] 48 32 40-50 
Carboxylate 
group 
80 4.8 × 10-5 
*r1 is the silver micro filler content.  
**r2 is silver NPs content.  
***r3 is total silver content. 
 
 
2.6.3.2 High aspect-ratio silver nanofillers 
 
The main drawback of conventional ECAs is that the electrical resistivity below 10
-4
 Ω.cm is 
unreachable even by using a large amount of silver flakes [14]. On the other hand, by 
increasing the amount of filler the volume fraction of epoxy decreases; consequently, the 
adhesive strength of the composite decreases. Recently, high aspect-ratio silver nanofillers 
are proposed as a promising option to overcome this issue. High aspect-ratio silver 
nanofillers can establish a percolated network at very low filler content [4,100,101].  
Compared to spherical Ag NPs, these nanofillers provide lower number of contact points and 
larger surface area for electron transportation, which in turn decreases the constriction 
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resistance. Besides, the large aspect-ratio of these nanomaterials can provide more electrical 
paths inside the composite thereby significantly decreasing the tunnelling resistance (see 
Figure 2-16). 
 
These interesting features of the high aspect-ratio silver nanomaterials have drawn 
considerable attention among the active research groups working in this field to exploit them 
as either the main or auxiliary filler inside the formulation of ECAs. For example, Wu et al., 
filled epoxy with 56 wt% of Ag NWs and reported four orders of magnitude electrical 
conductivity improvement compared to that of the one filled with the same amount of macro- 
and nano-size Ag particles [40] (see Table 2-5). It should be noted that the shear strength of 
the ECA filled with NWs was reported as ~17.6 MPa, showing a 0.3 MPa improvement 
compared to that filled with micro- and nano-size Ag particles. Tao et al. also reported the 
same results [49]. Yu et al., reported 13 orders of magnitude electrical conductivity 
improvement via the incorporation of 50 wt% of Ag NWs modified by (3-
Aminopropyl)triethoxysilane (APTES) [46]. They related the electrical conductivity 
improvement to the homogenous dispersion of NWs inside epoxy, providing a percolated 
network inside polymeric matrix at low filler content. 
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Figure  2-16. The establishment of electrical network using A) silver NPs, and B) high aspect-
ratio silver nanofillers. 
 
However, the direct addition of high aspect-ratio nanofillers into epoxy requires a large 
amount of materials to achieve the desired conductivities. Utilization of these nanomaterials 
as an auxiliary filler in conventional ECA can provide a synergetic effect of high aspect-ratio 
silver nanomaterials and silver flakes to improve the electrical conductivity of hybrid ECAs. 
Chen et al., studied the electrical conductivity of a system consisted of silver micron-sized 
particles, doped with Ag NWs and compared the results with an un-doped system [16]. 
According to their results, the doped system showed better electrical conductance compared 
to un-doped one while having the same amount of silver filler content. By using TEM and 
SEM images, they related the improved electrical conductivity to the bridging of NWs 
between separated micro-size silver particles. In another work in 2010, they incorporated Ag 
NWs inside the conventional formulation of ECAs and reported an improved electrical 
conductivity for the hybrid ECAs compared to the one with Ag NPs as co-filler [45]. 
 
A B
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2.6.3.2.1 Sintering of the high aspect-ratio silver nanofillers 
 
Owing to their nano size scale, high aspect-ratio Ag nanofillers can provide the advantage of 
sintering and metallurgical contact between fillers at low temperature because of the “melting 
point depression effect” [95]. Similar to Ag NPs, the surface coverage has an important 
impact on the sintering temperature of these nanomaterials. Xiao’s research group studied the 
effect of covering layer on the sintering behavior of Ag NWs, synthesized by a polyol 
process [102]. They functionalized NWs by a fatty acid (aliphatic acids) and polyvinyl 
pyrrolidone (PVP). They observed that the NWs functionalized by fatty acid began to sinter 
to each other at 200 °C, while sintering did not happen for those covered by PVP. Peng et al. 
showed that PVP can be washed out from the surface resulting in room temperature sintering 
of Ag NWs [38]. In another work by Xiao’s group, they used di-carboxylic acids to 
functionalize Ag NWs. Di-carboxylic acids (due to their good affinity with metallic surfaces) 
are commonly used as shielding layer over the surface of Ag NPs to prevent their oxidation 
[103]. Since they chelate to the NPs surface, they can be easily detached from the surface, 
making the NPs able to be sintered at low temperatures [21]. It was observed that the 
functionalized NWs started to sinter to each other at 200 °C and gradually became shorter 
and thicker as temperature increased [50]. To trigger sintering inside ECAs, they 
incorporated the functionalized NWs into the conventional ECAs and reported an electrical 
resistivity of 5.8×10
-6
 Ω.cm for the epoxy filled with 75 wt% of the modified NWs and silver 
flakes (with the weight ratio of 2:3). 
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2.6.3.3 Graphitic nanofillers 
 
Due to the exceptional mechanical and electrical properties of graphitic fillers, i.e., carbon 
nanotubes (CNTs) and graphene, recently, a considerable amount of attention has been drawn 
to utilize these nanomaterials in the field of electrical conductive nanocomposites. CNTs, 
first identified by Iijima, are sheets of graphite, rolled into seamless tube. They are 
categorized into single wall (SWCNT), double wall (DWCNT), and multi wall (MWCNT) 
carbon nanotubes [104,105]. On the other hand, graphene nanosheet is a flat monolayer of 
carbon atoms, 0.335 nm thick, densely packed into a honeycomb two-dimensional (2-D) 
lattice structure [53]. CNTs and graphene, possessing very large surface area per given 
volume and high aspect-ratio can create a percolated electrical network at very low filler 
content. By introducing these nanomaterials inside conventional ECAs, the density of the 
final ECAs is decreased, significantly [106]. In addition, compared to traditionally used 
metallic fillers, the exceptional mechanical properties of these nanomaterials can enhance the 
mechanical strength of the final ECAs drastically.  
 
To harness the characteristic properties of these nanomaterials they must be efficiently 
dispersed inside their polymeric host. The bottleneck is that feeding polymers with as-
prepared graphitic fillers usually leads to formation of aggregates as they tend to be held 
together (by van der Waals forces and/or entanglements) [56]. Stabilization of CNT/graphene 
by assistance of surfactant in liquid media [107], or surface functionalization via covalent 
bonding or π stacking [108] are the main approaches used to disperse and exfoliate these 
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nanomaterials inside a polymeric matrix. Both approaches have some drawbacks. Although 
the surface modification of graphitic fillers via covalent bonding may lead to better 
dispersion and interfacial interaction between nanofillers and polymeric chains [54], this 
method may hinder the electrical performance of nanofillers due to disturbance of π-electron 
delocalization [56]. On the other hand, dispersion of these nanomaterials by assistance of 
surfactant in organic solvents preserves their chemical structure. However, some issues 
challenge this approach for nanocomposite fabrication. First, a limited amount of 
CNT/graphene can be stabilized inside organic solvents by assistance of surfactants [65]. 
Second, residual surfactant removal is difficult in most cases [107].  
 
Although some research has been conducted to fabricate epoxy filled with graphitic fillers 
[109], the nanocomposites with graphitic nanofillers as the main conductive filler cannot 
meet the minimum requirements of advanced ECAs due to the limited electrical conductivity 
of these nanomaterials compared to metallic fillers. However, their high aspect-ratio along 
with their conductive nature makes them a perfect option as auxiliary filler inside the system 
of epoxy and silver. In this case, the main part of electrical network is constructed by silver 
materials while the graphitic fillers help to establish the percolated network at lower filler 
content. In a study by Xuechun and Feng, they investigated the effect of MWCNTs on the 
electrical conductivity of ECAs filled with silver flakes [110]. They used surfactants to 
disperse MWCNTs in acetone. The results showed that adding MWCNTs, especially before 
percolation threshold, remarkably increased the electrical conductivity while beyond the 
percolation threshold, the influence of MWCNTs on electrical conductivity was not 
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pronounced. Marcq et al., also reported the synergetic effect of CNTs and silver flakes on 
electrical conductivity improvement of ECAs [43]. Luan et al., filled epoxy with a novel 
hybrid filler system, consisting of Ag NWs and 2-D chemically reduced graphene sheets 
(with hydroxyl groups over the surface) [54]. They observed that the percolation threshold 
decreased to a low value of 20 wt% and the electrical conductivity improved remarkably (see 
Table 2-5). Since the tunnelling resistance dominates the overall resistivity of the system, 
they attributed the electrical conductivity enhancement to the reduction of tunnelling 
resistance between NWs due to the presence of graphene nanosheets.  
 
The efficiency of electrical pathways largely depends on the bulk conductivity of fillers as 
well as the quality of contact between neighboring fillers. Hence, the surface decoration of 
graphitic fillers using metallic NPs has been performed by some research groups as an 
attempt to increase their average electrical conductivity and also to decrease the contact 
resistance between fillers [23,41]. This approach is more effective for CNT because by 
surface metallization of CNTs, their average conductivity increases. Wu et al., decorated 
MWCNTs by Ag NPs and incorporated them as conductive filler inside epoxy. They also 
filled epoxy with non-modified MWCNTs. For the ECA filled with decorated MWCNTs, 
they reported a bulk resistivity of 2.21 × 10
-4
 Ω.cm at the percolation content, which showed 
one order of magnitude improvement compared to that of the ECAs filled with non-modified 
MWCNTs at the same concentration [48] (see Table 2-5). Baik and his co-workers modified 
the surface of CNTs with carboxylate groups as well as nickel and Ag NPs and incorporated 
them into silver pastes, consisting of silver flakes and epoxy. No matter which type of 
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surface-modified CNT was added to the silver paste, the electrical properties improved 
drastically while Ag-coated CNTs led to the most improved electrical conductivity (i.e., 
83%) [41] (see Table 2-5).  
 
It was mentioned that if sintering takes place between neighboring fillers, the contact 
resistance decreases dramatically. To take advantage of sintering and coalescence between 
fillers, Biak and his co-worker decorated CNTs by Ag NPs, functionalized with a di-
carboxylic acid [23]. The presence of the di-carboxylic acid on the surface of small NPs 
prevented the oxidation of Ag NPs and also allowed the coalescence and sintering of NPs at a 
relatively low temperature of 180 °C. Incorporation of the decorated MWCNTs into the 
commercial silver paste (81 wt% of conductive filler) decreased the electrical resistivity of 
the hybrid ECA to 4 × 10
-6
 Ω.cm, showing a significant improvement compared to that of 
ECAs with non-modified CNTs. Self-assembly and coalescence of Ag NPs on the surface of 
MWCNTs resulted in better compatibility with micron-sized silver flakes. Silver-decorated 
MWCNTs construct electrical bridges between separated silver flakes during the curing step, 
and the NPs presented at the end of each tube sintered the MWCNTs to the neighboring 
silver flake (see Figure 2-17). The metallurgical connections between silver flakes and 
MWCNTs significantly decrease the tunnelling resistance and also provide more electrical 
pathways for electrons transportation inside the network. 
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Figure  2-17. A) The bridging of CNT between separated silver flakes without epoxy, B, C, and 
D) schematics of electrical network formation via the bridging and coalescence of Ag decorated 
CNTs between silver flakes [23]. 
 
Compared to CNTs, graphene nano-sheets offer higher surface area for electron 
transportation inside the network due to their 2-D structure and higher aspect-ratio. Pu et al. 
used nitrogen-doped graphene inside the system of epoxy and silver powder and reported that 
the percolation of silver powder reduced to 30 wt% [59]. Their results confirmed that 2-D 
graphene is much more effective than other types of high aspect-ratio carbon-based fillers 
such as carbon nanotubes and carbon black. However, the challenge of attaining a 
homogeneous dispersion, as well as preserving its single-layer structure inside the composite 
acts as a bottleneck in ECA fabrication. Surface modification of graphene using organic 
materials is one approach to exfoliate graphene in which the interaction occurs via either 
covalent bonding or via π-π stacking. Although this technique is shown to be effective to 
exfoliate graphene layers, it hinders their electrical properties because it disturbs the π-
electrons delocalization of graphene surface [56,62,63,111]. The surface decoration of 
A
C
B
D
Bridging of CNT
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graphene with inorganic nanoparticles (NPs) such as Ag NPs is another approach that can 
effectively exfoliate graphene nanosheets. For example, Pasricha et al., reported that the 
decoration of graphene with Ag NPs is an effective way to exfoliate graphene nanosheets, 
and to prevent their aggregation [58]. Some research groups applied this idea into ECA 
application as an attempt to reduce the contact resistivity between conductive fillers. Peng et 
al. recently reported the positive effect of Ag NP-decorated graphene on the electrical 
conductivity of ECAs when they were added to the conventional ECAs. However, the final 
electrical conductivity was not that significant. The improved electrical conductivity of ECAs 
via addition of Ag NP-decorated graphene is mainly because of the reduction of the 
tunnelling resistance; however, the increased number of contact points (due to the presence 
of Ag NPs on the graphene surface) may cancel out this positive effect. If sintering of Ag 
NPs on the graphene surface occurs, it can significantly decrease the contact resistance 
between neighboring fillers via the formation of metallurgical contacts between silver flakes 
and graphene nanosheets. Recently, Liu’s research group developed new in situ approaches 
to decorate the graphene surface with Ag NPs for ECAs application [112,113]. In their 
method, the formation of Ag NPs on graphene surface occurs during the curing process of 
epoxy, making the NPs size very sensitive to curing temperature. They reported high 
electrical conductivity for the fabricated ECAs using this method (see Table 2-5). Although 
in situ approaches eliminate the use of organic layer over NPs surface, it makes it difficult to 
keep the NPs size constant as the curing temperature changes. Furthermore, at temperatures 
less than NPs formation temperature, there would be no Ag NPs inside the nanocomposites, 
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thereby limiting the applications of the ECAs to those operating at temperatures higher than 
NPs formation temperature.  
Table  2-5. A comparison between ECAs with high aspect-ratio nanofillers. 
Research 
Group 
Silver flakes   
(wt%)* 
Silver NW 
(wt%) 
CNT (wt%) 
Graphene 
(wt%) 
Total silver 
content 
(wt%) 
Bulk 
resistivity 
(Ω.cm) 
Wu et al. [40] ― 56 ― ― 56 1.2 × 10-4 
Zhang et al. 
[102]* 
― 76 ― ― 76 7.1 × 10-4 
Zhang et al. 
[50]** 
45 30 ― ― 75 5.8 × 10-6 
Xuechun and 
Feng [110] 
72 ― 0.24 ― 72 1.43 × 10-3 
Marcq et al. 
[43] 
70 ― 0.4 ― 70 2 × 10-4 
Wu et al. 
[48]*** 
― ― 41 ― ― 2.21 × 10-4 
Oh et al. 
[41]**** 
80 ― 2 ― 80 1.84 × 10-5 
Oh et al.  
[23]***** 
79.5 ― 1.5 ― 81 4 × 10-6 
Luan et al. 
[54] 
― 50 ― N/A 50 ~10-3 
Peng et al. 
[60]  ****** 
65 ― ― 15 65 2.37 × 10-4 
Liu et al. 
[113]******* 
80 ― ― 0.05 80 4.3 × 10-5 
Liu et al. 
 [114]******* 
80 ― ― N/A 80 3 × 10-5 
*The silver NWs were functionalized by an aliphatic acid. 
**The silver NWs were functionalized by dicarboxylic acids (e.g., pentanedioic acid). 
***The CNTs were coated with silver NPs of 5 nm. 
****The CNTs were covered by silver NPs of 100-200 nm. 
*****The CNTs were covered by silver NPs of 20 nm which were functionalized by glutaric acid. 
****** The graphene nano-sheets were decorated by silver NPs of  ~ 30 nm 
******* The graphene nano-sheets were decorated by silver NPs of  ~ 10 nm 
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Chapter 3. Spherical Silver Nanoparticles as Auxiliary Co-fillers for 
ECA Applications; The Effect of Surface Functionalization on the 
Electrical Properties of the NPs and the Polymeric Composite 
 
 
3.1 Introduction 
 
The unique electrical [24,25,33], thermal [27], optical [28,115] and antibacterial [29,116] 
properties of Ag NPs have attracted extensive research interest with respect to their 
applications in the development of functional materials such as flexible electronic display 
[30,117], organic light-emitting devices [31], and biosensors [32] at ever smaller scales. One 
critical step of many applications of NPs is to disperse them into a polymer matrix to 
fabricate nanocomposites; the NPs provide functionalities whereas the polymer matrix 
provides mechanical strength. A proper monolayer of surfactants is often needed to 
effectively cover the surface of NPs so as to reduce the surface energy, which in turn reduces 
the formation of aggregates and at the same time allows for loading more NPs in the 
polymeric matrix [21]. The surface layer, coated on NPs surface, usually negatively 
influences the desired functions of the NPs. For instance, the surfactant layers insulate NPs 
and reduce their intrinsic thermal and electrical conductivities; this situation limits the 
broader use of polymer nanocomposites as functional materials. In this chapter we focus on 
the surface functionalization of Ag NPs, and their corresponding effect on the electrical 
conductivity of the NPs as well as their polymer composites. 
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As mentioned in the previous chapter, silver-filled polymer composites have been utilized as 
electrical conductive adhesive (ECA) application for device assembly to eliminate the 
environmental concerns regarding traditional lead-based solder while providing other 
advantages such as milder processing conditions, fewer processing steps, and finer pitch 
capability [11,15,19,39]. During last decade, there has been increasing interest in the 
application of Ag NPs to enhance the electrical conductivities of conventional conductive 
adhesives filled with silver micro flakes [15,19,21,26,33–35,118]. However, simply adding 
NPs has negative effects on the overall conductivity of the ECAs because of the increased 
number of contact points. A positive effect of NPs on the electrical conductivity of the 
polymer composite requires the sintering of NPs at high temperatures to reduce the number 
of contact points [19,21,23]. Remarkable efforts have been performed to reduce sintering 
temperature due to the thermal sensitivity of components in organic electronic devices [37–
39,94]. To date, the major focus has been on the application of Ag NPs bigger than 20 nm. 
One possible reason is that the surface organic layer of NPs should be readily removed from 
the surface during the curing process in order to sinter NPs at lower temperatures. This 
condition usually needs the synthesis of NPs involving the physical adsorption of the organic 
layer on the surface of NPs, which leads to the formation of large NPs. Jeong et al. 
investigated the incorporation of commercial 5 nm Ag NPs into the conventional ECAs with 
90 wt% silver micro particle and reported that adding a small amount of the NPs (~2 wt %) 
improved the conductivity without the need for sintering, which highlights the positive effect 
of small NPs on the electrical conductivity of ECAs [15]. This progress was promising; 
however, the studies on Ag NPs less than 10 nm in the development of conductive polymer 
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composites are scarce in literature. It may be because of the need for chemical stabilization of 
NPs during their synthesis; the stabilizing agent could insulate the NPs, depending on its 
chain length and adsorption mechanism. 
 
Varied chemicals including mono- or di-carboxylic acids [38], sodium citrate [94], amines 
[119], and alkanethiols [120,121] have been used to produce functionalized NPs; the 
functional groups prevent them from forming aggregates. Since Brust et al. [122] developed 
a two-phase liquid-liquid system to synthesize alkanethiol-stabilized gold NPs, the synthesis 
and characterization of thiol-capped metal NPs have been the subject of considerable 
research interest [123–126]. Chen and Kimura developed a large scale synthetic method for 
the production of carboxylate–modified gold and Ag NPs, which could be homogenously 
dispersed in water and organic solvents while they could also be re-isolated as pure powder 
without any aggregation [127,128]. Similar methods have been considerably used to 
synthesize metal NPs using thiocarboxylic acids [129–131]. One of the striking features of 
stabilizing metal NPs by thiocarboxylic acids is the production of very small (i.e., less than 5 
nm) and mono-dispersed NPs. The characteristic properties of this type of NPs such as size, 
size distribution, thermal and electrical properties can be controlled by the chemistry and 
coverage of the functional groups on the NPs surface.  Although many research works have 
been performed to synthesize and functionalize silver NPs using different organic layers, to 
our knowledge there is no systematic study on the effect of this surface layer on the electrical 
properties of Ag NPs and their corresponding polymer composites. 
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In this chapter, we investigated the effect of very small Ag NPs as well as the specific roles 
of their surface layer on the electrical conductivity of a nano/micro hybrid composite 
adhesive. To do so, the conventional ECA, consisting of 60 wt% Ag micron flakes in epoxy, 
was used as a base composite, because using only NPs lead to a non-conductive composite or 
it requires a large amount of the NPs to be conductive, which is costly and not practical. 
Thiocarboxylic acids with different chain lengths were implemented to stabilize Ag NPs. 
Although the chemically-stabilized NPs have low electrical conductivity, which limits their 
application for the development of conductive nanocomposites or ECAs, we postulated that 
by reducing the number density and the chain length of the stabilizing agent, the covering 
layer resistivity can be lowered and the NPs can be potentially used as reinforcing agents in 
ECAs.  Furthermore, we hypothesized that the chemically-stabilized NPs can be readily 
dispersed into epoxy and can be fused into a conductive network at a low temperature 
because of their small size. Our research findings revealed, for the first time, the chemically-
stabilized NPs can improve the electrical conductivity of the conventional ECAs at a 
relatively low curing temperature of 150°C without the extra step of sintering at an elevated 
temperature. 
 
3.2 Experimental 
3.2.1 Synthesis and Chemical Modification of Ag NPs 
 
11-Mercaptoundecanoic acid (MUA, ≥95 wt % Aldrich) and 3-Mercaptopropionic acid 
(MPA, ≥99 wt % Aldrich) were used to stabilize Ag NPs. These two thiocarboxylic acids 
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differ in their chain lengths. The number of carbons in the backbone of MUA and MPA are 
11 and 3 carbons, respectively.  MPA-stabilized Ag NPs (Ag-MPA) were synthesized 
following the established procedure [127,128,130]. 40 mL of MPA (8 mmol) solution in 
tetrahydrofuran (THF) and 240 mL silver nitrate (340 mg, 2mmol) (AgNO3, ≥99 wt% 
Aldrich) solution in THF/water (volume ratio: 5/1) were mixed drop-wise. After 5 min, the 
initially transparent solution became blurry whitish along with the formation of small white 
clusters, which is associated to the formation of Ag-S bonds [124,130]. Subsequently, 20 mL 
of aqueous solution of sodium borohydride (20 mmol) (NaBH4, ≥99 wt % Aldrich) was 
added to the mixture, leading to an abrupt precipitation of a dark-gray solid. In order to 
remove the unreacted materials, the precipitated sludge was washed three times by repeatedly 
dispersing in water and precipitating in THF followed by centrifugation at 8000 rpm for 30 
min to remove the supernatant.  The resultant gray solid was dispersed in 20 mL deionized 
(DI) water. MUA-stabilized Ag NPs (Ag-MUA) were synthesized by the same procedure as 
Ag-MPA. 900 mg (4 mmol) of MUA was dissolved in 40 mL THF and added drop-wise to 
the solution of AgNO3, leading to the formation of yellowish solution. The same NaBH4 
solution was used to reduce Ag+ ions, leading to the formation of a dark-brown solid. The 
same washing steps were applied for the synthesis of Ag-MPA. The final NPs were dispersed 
in 20 mL of DI water.  All the glassware was cleaned prior to use; they were soaked in a 1 M 
solution of sodium hydroxide for 24 h, neutralized with acetic acid, and then rinsed with DI 
water. The DI water (resistivity > 10 MΩ.cm at 25 °C; total organic carbon < 20 ppb) was 
obtained using a RiOs-DI Clinical system (Milli-pore Corporation).  
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3.2.2 Nanocomposite preparation 
 
Diglycidyl ether of bisphenol A resin (DERTM 322) and triethylenetetramine (TETA), 
supplied by DOW chemical company (USA), were used as the epoxy base and hardener, 
respectively. The weight ratio of hardener to epoxy was 0.13.  Two types of samples were 
prepared. One type contained only silver flakes (Aldrich, 10 μm); the other contained a 
mixture of the synthesized NPs and silver flakes at different weight fractions. A small 
amount of isopropyl alcohol (6 wt% of the epoxy) was added to dilute the epoxy before 
adding silver fillers. The total weight fraction of the silver varied from 60 to 70 wt% as listed 
in Table 3-1. The paste was mixed for 30 min using a vortex mixer followed by 1 h mixing in 
an ultrasonic bath. Epoxy hardener was then added and mixed using the vortex mixer for 10 
min.  The resultant paste was filled into a mold of 7×7×0.7 mm
3
 (L×W×D), made using 
pieces of adhesive tape on a pre-cleaned microscope glass slide. To make a smooth surface 
and control the sample thickness, a clean copper plate was placed on top of the mold and the 
extra paste was squeezed out. The samples were pre-cured for 30 min at 60 °C and then post-
cured at 150 °C for 2 h.  After curing, the copper plate and adhesive tape were manually 
peeled off. 
Table  3-1. Weight fractions of silver NPs and flakes in nano-micro particles filled epoxy 
Sample 
Ag flakes 
(wt%) 
Ag NPs 
(wt%) 
𝑲 =
𝑨𝒈 𝑵𝑷𝒔
𝑨𝒈 𝒇𝒍𝒂𝒌𝒆𝒔
 
Total weight fraction 
of fillers 
Total volume fraction 
of fillers 
1 60 0 0 60 18.0 
2 53 11 0.2 64 19.2 
3 48 19 0.4 67 21.4 
4 44 26 0.6 70 22.6 
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3.2.3 Characterization 
 
Fourier transform infrared spectroscopy (FTIR) was performed for the Ag NPs using a 
Varian 640-IR specttrometer to verify the chemical structure of the surface layer of Ag NPs.  
A high resolution transmission electron microscope (HRTEM, JEOL 2010F FEG) was used 
to characterize the size and size distribution of the chemically-stabilized Ag NPs. To prepare 
TEM samples, one droplet of dilute dispersion of the Ag NPs in water (1 mg/mL) was 
dropped on a lacey/holey carbon copper grid and dried for 1 h in air. The TEM was operated 
at 200 kV and equipped with a Gatan ultra scan imaging filter. Ultraviolet-visible 
spectroscopy (UV-Vis) (UV-2501 pc, Shimadzu) was performed to confirm the formation 
and size distribution of synthesized NPs. Weight-loss and surface coverage of the NPs with 
thiocarboxylic acids were studied using the thermogravimetric analysis (TGA) (TA 
instrument, Q500-1254). Samples of about 4 mg were placed in the TGA sample pans. 
Dynamic scanning was performed from 40 °C to 600 °C with a heating rate of 20 °C/min 
under nitrogen atmosphere. The morphologies of the NPs and cured nanocomposites were 
examined by Scanning Electron Microscope (SEM, LEO FE-SEM 1530, Carl Zeiss NTS) 
operating at 5 and 15 kV. The bulk resistivity of the samples was measured using a four-
point probe setup consisting of a probe fixture (Cascade microtech Inc.) and a source meter 
(Keithley 2440 5A Source Meter, Keithley Instruments Inc.) (see Figure 3-1).  The sheet 
resistance of the samples (Rs) was characterized by the drop in voltage when applying a 
constant current (10 mA). The electrical resistivity (ρ) of the nanocomposites was calculated 
using the following equation: 
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𝜌 = 𝑅𝑠𝑡 = (
𝜋𝑡
ln 2
)
𝑉
𝐼
    𝛺. 𝑐𝑚       Equation 3.1 
 
where t is the thickness of samples; I and V are the applied current and the measured voltage, 
respectively. 
 
 
Figure  3-1. A) The electrical conductivity measurement setup consisting of a four-point probe 
and source meter; B) A close-up image of the four-point probe; C) a schematic illustration of 
measuring the bulk resistivity of nanocomposites. 
 
3.3 Results and discussion 
3.3.1 Synthesis and characterization of silver NPs 
 
The chemically-stabilized Ag NPs were synthesized by the direct reduction of AgNO3 using 
NaBH4 in the presence of a thiocarboxylic acid. Figures 3-2A and 3-2B illustrate the 
Source meter
Sample
I
V
Glass slide
t
t = Thickness
V = Voltage drop
I = Applied current
A
B
C
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synthesis mechanism. In step 1, the thiocarboxylic acid was added into the solution of the 
silver salt in THF/water medium; the acid (R-S
-
, Lewis base) partially reduces silver ions by 
donating one electron to Ag
+
 (Lewis acid) ions, leading to the formation of silver atoms in 
the zero oxidation state (Ag°), which are chemically bonded to the hydrocarbon chains of the 
acid via Ag-S bond [127]. In step 2, a strong reducing agent, NaBH4, was added to the 
suspension, which completely reduced the remaining silver ions into silver atoms (Ag°), 
resulting in the formation of Ag NPs, covered by thiocarboxylate groups. The silver-acid 
compound, formed in step 1, self-assembled over the surface of the growing Ag NPs and 
limited the growth of the NPs nuclei. The carboxylate functional groups provided a steric 
repulsion to prevent NPs from aggregating and at the same time enabled them to disperse in 
water and/or other polar solvents. Figure 3-2C shows typical TEM images of the MPA and 
MUA stabilized Ag NPs. Both NPs are spherical and well dispersed. We measured the size 
of 100 randomly-picked Ag NPs; the size distributions of those NPs were shown in the 
inserted histograms of Figure 3-2C. The diameter of Ag-MPA NPs ranged from 1 to 4 nm, 
while the majority was in the range of 1.5 to 3 nm, giving an average diameter of 2.09±0.66 
nm.  The diameter of the Ag-MUA NPs ranged from 2 nm to 8 nm, giving an average 
diameter of 4.49±1.28 nm.  It is interesting to note that NPs capped with the short-chain acid 
(MPA) are smaller with a much narrower size distribution than the NPs capped with long-
chain acid (MUA).  Although the tuning of NPs size with the variation of the ratio of acid to 
NPs precursor (AgNO3) has been known in literature [128,130], but to the best of our 
knowledge, there is no particular study of the effect of the chain lengths of covering layer on 
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the size of thiocarboxylate-stabilized Ag NPs. These results showed that the different chain 
lengths of the functional groups gave NPs of different sizes.   
 
 
Figure  3-2. The synthesis of Ag NPs: A) step 1: the self-assembly of thiocarboxylic acids on the 
surface of growing Ag NPs and the partial reduction of Ag+ ions by thiocarboxylic acids, B) 
step 2: the formation of the Ag NPs, reduced by the strong reducing agent (the NPs were 
capped by self-assembled thiocarboxylate groups), and C) typical TEM images and histograms 
of the synthesized NPs. 
 
We attribute the effect of chain lengths to the nature of the synthesis method. Two possible 
reasons may explain this situation. The first one is related to the strength of acids. The proton 
(attached to the sulfur) of MPA is much closer to the electronegative carboxylic group 
(located at the end of the chain) than that of MUA; this situation makes MPA a stronger acid 
than MUA. Thus, MPA can reduce a larger amount of silver ions at step 1; consequently less 
amount of silver ions remain in the system to grow the NP core. The second reason is related 
to the possible self-assembly mechanism of thiocarboxylic acids. The longer chain of MUA 
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can form a larger micelle-like structure compared to the shorter chain of MPA, providing a 
larger space for NPs to grow their nuclei. 
 
UV-visible spectroscopic analyses were performed to further investigate the nature of the 
chemically-stabilized NPs. Figure 3.3 shows the optical spectra of both Ag-MPA and Ag-
MUA NPs in aqueous solutions. Normally, metal NPs bigger than 2 nm have a strong and 
broad optical excitation peak in the UV-visible spectrum corresponding to the surface 
plasmon bonds (SPB) [132]. The symmetrical feature of the SPB for both Ag-MPA and Ag-
MUA suggested a uniform and homogenous dispersion of the NPs in water; Ag NPs 
aggregates do not show a peak [133]. As shown in Figure 3-3, the SPB peaks were observed 
at the wavelengths of 412 nm and 436 nm for Ag-MPA and Ag-MUA, respectively. Note 
that the SPB peak of pure Ag NPs occurs between 380 nm to 390 nm [134]. These huge red 
shifts in the position of SPB peaks are caused by the presence of the attached organic layer 
on the surface of NPs [135]. The red shift in the position of the maximum absorption of Ag-
MUA compared to that of Ag-MPA was also expected. Malinsky et al. studied the effect of 
the chain lengths on the optical properties of alkanethiol-capped Ag NPs and reported that 
the SPB peak would red shift 3 nm for every carbon atom in the alkane chain backbone 
[126].  
 
It is also known that the features of SPB of metal NPs depend on their size and size 
distribution in which the SPB of larger NPs moves to higher wavelengths compared to that of 
smaller ones [136]. Hence, the observed red shift for Ag-MUA was attributed to the larger 
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size of these NPs compared to Ag-MPA [119,126]. Beside the peak at 436 nm, Ag-MUA has 
another peak at 342 nm. Dell’ Eraba et al. reported a similar peak at 342 nm [130]. They 
attributed this small peak to the presence of some silver clusters in the system. But, this small 
peak was not observed in the spectrum of Ag-MPA, perhaps because the size distribution of 
Ag-MPA was narrower than that of Ag-MUA as estimated from the TEM results. 
 
 
Figure  3-3. UV-visible spectra of Ag-MPA and Ag-MUA NPs. 
 
Furthermore, we checked the stability of the NPs by comparing the UV-visible spectra of 
one-month aged samples with that of the fresh sample. As shown in Figure 3-4, the features 
of the spectra for both samples did not change after one month, suggesting the surface 
carboxylate groups formed strong hydrogen bonding with water molecules, which made NPs 
quite stable in aqueous medium [128]. 
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Figure  3-4. UV-visible spectra of fresh and one-month aged NPs aqueous dispersions: A) Ag-
MPA NPs and B) Ag-MUA NPs. 
 
 
The chemical adsorption or grafting of thiocarboxylic acids on the surface of NPs was 
examined by FTIR. With the exception of the liquid MPA, the analyses were performed in 
solid states for all the other samples. Figure 3-5 shows the spectra of pure acids and the 
functionalized NPs [137]. The broad peak at 3000 cm
-1
 for liquid MPA may relate to the 
presence free water, absorbed from the atmosphere.  In the spectra of pure MUA and MPA, 
there are two small peaks, centered at 2543 and 2558 cm
-1
, which belong to the S-H 
stretching bond; those peaks disappeared in the spectra of the grafted NPs. It confirms that 
sulfur groups of the acids were attached to the surface of the NPs via the formation of sulfur-
silver bonds. The distinct peaks at 1691 and 1712 cm
-1
 for pure MUA and MPA (in the range 
of 1680-1720 cm
-1
) correspond to the carbonyl group of the carboxylic acids. The peaks at 
1559 and 1418 cm
-1
 for Ag-MUA, and at 1554 and 1403 cm
-1
 for Ag-MPA (Figure 3-5) are, 
respectively, assigned to asymmetric and symmetric vibrations of carboxylate groups, 
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confirming the existence of the mentioned groups on the surface of the Ag NPs, which was 
expected to be in the structure of the covering layer. The strong and sharp peaks at 2916 and 
2845 cm
-1
 in the spectra of both pure MUA and Ag-MUA correspond to the asymmetric and 
symmetric stretching of methylene groups, respectively.   
 
 
Figure  3-5. FTIR spectra of pure acids MUA and MPA and the corresponding stabilized silver 
NPs. 
 
We took an analogy to the FTIR analysis of the typical hydrocarbons, such as polyethylene 
(PE), to obtain insights about the crystallinity of the surface layers on the synthesized NPs 
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[138]. For dissolved PE in a solvent, whose hydrocarbon chains are randomly oriented, 
asymmetric and symmetric stretches of methylene groups have broad peaks at 2928 and 2856 
cm
-1
, whereas for solid PE with a highly-packed and crystalline structure, these peaks 
become sharper and appear in lower wave numbers (i.e., 2920 and 2850 cm
-1
) [138]. 
Applying the analogous information to the spectra of Ag-MUA, and considering the same 
methylene peak for Ag-MUA as the methylene peak of solid PE, it can imply that the long-
chain, attached to the surface of Ag-MUA NPs, might be in a crystalline form. These two 
peaks are not significant for the Ag-MPA NPs. The crystalline structure of Ag-MUA were 
also reflected in the appearance of these NPs dry powder; the Ag-MUA NPs dry powders 
were shiny and rigid while Ag-MPA NPs were fluffy and soft as can be observed in Figure 3-
6.    
 
 
Figure  3-6. Digital images of dry powders of A) Ag-MPA and B) Ag-MUA NPs. 
 
TGA was performed to investigate the thermal properties and the amount of stabilizing 
agents on the surfaces of Ag-MPA and Ag-MUA NPs. Figure 3-7 shows the weight-loss vs 
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temperature plots for the pure MUA, Ag-MPA and Ag-MUA. Note that the pure MPA is 
liquid at room temperature, so its analysis with TGA was not practical. The TGA of pure 
MUA showed thermal decompositions occurred between 130 °C and 300 °C, during which 
there was a 92 % weight-loss; the other 8 % weight loss occurred between 300 °C and 350 
°C. There were two main weight-loss transition points for both Ag-MUA and Ag-MPA. Due 
to the presence of some pure MUA and moisture in the system, there was a small weight-loss 
before 300 °C for Ag-MUA.  The first main transition of Ag-MUA occurred between 300 °C 
and 360 °C, having about 4% weight-loss which may attributed to the amount of MUA, 
physisorbed on the surface of the NPs. The second main transition of Ag-MUA, having a 
larger weight-loss (~ 24 wt%), was observed at 437 °C and continued up to 490 °C. This 
large amount of weight-loss at this stage is attributed to decomposition of chemisorbed 
organic materials [139]. As for the Ag-MPA, its thermal decomposition started at 130 °C; the 
weight decreased by only 3 wt% until 270 °C because of the decomposition of some un-
bonded MPA or absorbed water in the system. As the temperature increased, similar to Ag-
MUA, Ag-MPA displayed two main thermal decomposition steps. The decomposition of 
physically adsorbed MPA occurred between 270 °C and 350 °C, having an approximately 7 
wt% of the total weight-loss. The decomposition of chemically adsorbed MPA occurred 
between 400 °C and 470 °C, having 11% weight-loss, which was almost half of that of Ag-
MUA.  A further comparison of the TGA curves of Ag-MUA and Ag-MPA shows that the 
thermal decompositions of Ag-MPA started and finished at lower temperatures.  It appears 
that the chemical functionalization of the Ag NPs using the long-chain acid was more 
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effective than the short-chain acid, that is, the Ag-MUA NPs have a higher coverage of the 
organic layers than Ag-MPA NPs.  
 
To obtain quantitative information, we estimated the number of functional groups per unit 
surface area from the weight-loss due to the decomposition of the chemisorbed acids. First, 
we calculated the mass of an individual NP (ws) using the average diameter (d) of each NP 
(consequently volume of each NP, V), obtained from TEM images, and the density of silver 
(ρ). 
 
 
Figure  3-7. Thermogravimetric curves of pure MUA, MPA and MUA stabilized-silver NPs (or 
Ag-MPA and Ag-MUA). 
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𝑤𝑠 = 𝜌. 𝑉          Equation 3.3 
 
 
 
Second, the total amount of the organic layer in the system (Wo) was calculated by: 
 
 
 
𝑊𝑜 = 𝑊. ϕ         Equation 3.4 
 
where W is the total mass of each sample subjected to the TGA, and ϕ is the weight fraction 
of chemisorbed acid on the surface of NPs, which were 24 wt% for Ag-MUA and 11 wt% for 
Ag-MPA. The total amount of pure silver (Ws) in the system is obtained as: 
 
 𝑊𝑠 = 𝑊 − 𝑊𝑜        Equation 3.5 
 
Third, the total number of NPs for each sample (N) subjected to TGA test is determined. 
 
𝑁 =  
𝑊𝑠
𝑤𝑠
         Equation 3.6 
 
Fourth, the average number of functional groups or chains on an individual NP was 
determined. 
 
𝑛 =  
𝑊𝑜
𝑀𝑤∙𝑁
𝑁𝑎         Equation 3.7 
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Where Mw is the molecular weight of MPA or MUA, and Na is the Avogadro number.  n = 42 
for Ag-MPA while n = 409 for Ag-MUA.  Finally, the number of functional groups per unit 
surface area of the NP or the number density was determined. 
 
𝑛𝑜 =  
𝑛
𝜋𝑑2
         Equation 3.8 
 
no ≈ 2.6 nm
-2
 for Ag-MPA, and no ≈ 6.4 nm
-2
 for Ag-MUA. Thus, the long-chain functional 
groups grafted on NP are much denser than the short-chain functional groups. 
 
3.3.2 Electrical properties of the functionalized NPs and the polymer composites 
 
The electrical properties of the Ag-MUA and Ag-MPA were investigated by measuring the 
bulk resistivity of a sheet of NPs of 0.1 mm thick prepared by drying the dispersion of NPs in 
water on a microscope glass slide. Interestingly, Ag-MUA NPs did not show any 
conductivity whereas the bulk resistivity of the sheet of Ag-MPA NPs was approximately 
1.02×10
-3
 Ω.cm. According to the information extracted from TGA results, the number 
density of the organic chains covering the surface of Ag-MUA is almost 3 times larger than 
that of Ag-MPA NPs (see Table 3-2). It seems that the denser and longer chains on Ag-
MUA, which may have assembled on the surface into a crystalline structure as inferred from 
the FTIR analysis, effectively insulated the NPs surface; on the other hand, the shorter chain 
and lower density of the covering layer allow Ag-MPA NPs to be still conductive.  
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Table  3-2. A comparison of bulk resistivity of different types of silver fillers. 
Material 
Number of chain on the 
surface of each NPs 
Number of chain per unit of 
surface area 
Bulk resistivity of conductive 
fillers (Ω.cm) 
Ag flakes ― ― 1.59×10-6  
Ag-MUA 409 6.4 - 
Ag-MPA 42 2.6 1.02×10-3  
 
 
In order to understand how chemically-stabilized NPs influence the overall electrical 
conductivity of their polymer composites, they were added into a silver flake filled epoxy 
matrix at varied weight fractions to make a hybrid conductive adhesive. Due to the insulating 
nature of Ag-MUA, only Ag-MPA NPs were added to the system. The bulk resistivity of the 
conventional conductive adhesive, containing only silver flakes at weight fractions between 
60 wt% to 70 wt%, were measured as a control for the hybrid adhesive. Figure 3-8 shows the 
bulk resistivity as a function of the total weight fractions of silver fillers for both types of 
nanocomposites.  As can be seen in Figure 3-8, in the system, consisting of only silver flakes, 
addition of more fillers decreased the bulk resistivity; however,  in the nano/micro hybrid 
filler system, in which the total amount of flakes was kept constant, the addition of a small 
amount of Ag NPs, (i.e. the weight fraction of NPs to silver flakes K = 0.2), reduced the 
resistivity of the nanocomposites by two orders of magnitude, while the resistivity started to 
increase by adding more NPs (i.e., K = 0.4, and 0.6), indicating that the NPs played a 
complex role in the system. For the sample with K = 0.4, the resistivity increased slightly 
compared to that of sample with K = 0.2, but still lower than the bulk resistivity of the 
conventional ECA (epoxy and silver flakes) with the same filler concentration. The addition 
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of more NPs (i.e., K = 0.6) further increased the resistivity to a value higher by one order of 
magnitude than that of the conventional ECA with the same filler concentration. In other 
words, the hybrid adhesive outperformed the conventional adhesive at the total weight 
fractions between 60 wt% and 67 wt% (K = 0.2, and 0.4) while adding more NPs did not 
improve the conductivity but resulted in a higher bulk resistivity than the conventional 
adhesive. 
 
 
Figure  3-8. Bulk resistivity of conductive adhesives as a function of filler fraction for both the 
micro/nano hybrid configuration 
 
To obtain some insights into the behavior of Ag-MPA NPs in the conducive composite, SEM 
images of the NPs and their nanocomposites were examined and discussed in terms of the 
effect of NPs on the overall conductivity of the nanocomposites. The performance of a 
conductive adhesive depends significantly on the quality of conductive fillers and the filler 
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network. The overall electrical conductivity of the filler networks in the adhesive matrix is 
determined by the intrinsic resistance of the fillers and the contact resistance of neighboring 
fillers. As for the filler-filler contact resistance, it is composed of two distinct resistances: 
constriction resistance and tunnelling resistance [77]. The former is related to the flow of 
electrons through contact points; the smaller the number of contact points, the lower the 
constriction resistance. It has been reported that the addition of NPs into the conventional 
conductive adhesive has a negative effect on the overall electrical conductivity because of the 
increased number of contact points, unless the NPs are sintered at an elevated temperature. 
Therefore, we suspected that the Ag-MPA NPs partially fused during curing because of their 
small sizes even though no particular sintering process was applied. The SEM images, shown 
in Figures 3-9A and 3-9B, confirmed that sintering occurred between NPs and silver flakes. 
Although the sintering of the chemically-stabilized silver NPs larger than 50 nm is not 
expected at this annealing condition (100 °C for 1 h), the small size of Ag-MPA NPs (< 5 
nm) and short chain coverage may have allowed them to sinter at this relatively low 
temperature.  
 
Adding a small amount of Ag-MPA might also help to reduce the tunnelling resistance, 
[77,140]. The tunnelling resistance is associated to the resistivity induced by the insulating 
materials including the surface layer of organics layer on filler surface or polymeric matrix 
[77]. One reason for the negative effect of NPs (> 50 nm) on the overall electrical 
conductivity is that they hinder the effective contacts between silver flakes and increase the 
tunnelling resistance [89]. However, for the 2 nm Ag-MPA NPs, we showed in Figures 3-9C 
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and 3-9D that they filled the gaps between silver flakes, which bridged the originally 
separated flakes. This bridging effect can significantly reduce the tunnelling resistance.  
Furthermore, the partially-fused NPs may also decrease the tunnelling resistance by creating 
new electrical paths throughout the epoxy.  Figure 3-9E and 3-9F show SEM images of the 
composites before and after the addition of the NPs (weight fraction of NPs to silver flakes, 
K = 0.2). The area above the dash line is the top surface; the area beneath the dash line is the 
cross section of a fractured composite. As indicated by the arrows, clusters of NPs filled the 
interstices of silver flakes and caused the fillers to distribute more uniformly in the epoxy. 
Indeed, we observed in the four-probe measurements that the addition of NPs made the 
conventional micro-composite adhesive more electrically homogeneous. In other words, the 
NPs filled the gap between silver flakes and provided more electrically conductive paths. 
Finally, adding a larger amount of NPs (K = 0.4, and 0.6) may backfire because they form 
more and larger clusters, which may increase the gap distance between the silver flakes and 
consequently increased the tunnelling resistance. Besides, adding more NPs increases the 
contact resistance in the system. It is reasonable to conclude from these research findings that 
the chemically-stabilized NPs can improve the electrical conductivity of the conventional 
ECAs at a relatively low curing temperature of 150°C without the extra step of sintering at an 
elevated temperature. This improvement in the electrical conductivity of the ECAs at lower 
filler contents using the nano/micro hybrid filler system are attributed to the partial fusion of 
the NPs and the action of the NPs covered with the well-designed surface layer to fill the 
gaps between separated silver flakes due to their small size. Further studies are needed to 
elucidate the complex behaviors of NPs in the nano/micro hybrid conductive composites. 
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Figure  3-9. SEM images of A) sintered Ag-MPA NPs at 100 °C for 1 hr; B) sintering of NPs in 
nanocomposite structure after curing at 150 for 2 hr; C) bridging effect of NPs between silver 
flakes at a lower magnification; D) a higher magnification; and 45° views of the top and cross 
section of a fractured composite; E) separated silver flakes at the surface of composites without 
NPs; F) the filling of silver NPs into the gaps between the silver flakes creating news electrical 
paths 
 
3.4 Summary 
 
In summary, we synthesized novel thiocarboxylate-functionalized Ag NPs (less than 5 nm) 
by the direct reduction of silver nitrate in the presence of two different thiocarboxylic acids. 
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The well-controlled synthesis conditions allowed for a detailed investigation of the effect of 
the chain length of the functional groups on the thermal and electrical properties of the Ag 
NPs and their polymer composites.  We found that the chain length had significant effects on 
the size and conductivity of the NPs; the NPs grafted with 3-carbon thiocarboxylic acid had 
an average size of 2.09 nm and were conductive while those with 11-carbon acid had an 
average size of 4.49 nm and were non-conductive. TGA analyses revealed the number 
density of short-chain acids, grafted on the NPs, were about three times smaller than that of 
long-chain acids. The FTIR analysis indicated that the long-chain acids might be assembled 
into a crystalline structure on the surface of NPs. It was proposed that the higher surface 
coverage and the crystalline structure of long-chain acids account for the non-conductive 
nature of the functionalized Ag NPs. The short-chain functionalized NPs were incorporated 
into a hybrid-designed composite adhesive, consisting of micron-sized silver particles and the 
NPs in an epoxy matrix. The electrical conductivity measurements and SEM images of the 
cross sections of cured hybrid composites showed that low NPs contents increased electrical 
conductivity due to the filling of NPs into the interstices of the microparticles and their low 
sintering temperature, whereas higher NPs contents reduced the electrical conductivity 
because they clustered and increased the gaps among the micro-particles. The relationship 
between the properties of the nanocomposites and the surface chemistry, size and amount of 
NPs were discussed, showing the complex role of NPs in the nanocomposites. 
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Chapter 4. Electrical Conductive Adhesives Filled with High-
Aspect-Ratio Silver Nanobelts (Ag NBs) 
 
4.1 Introduction 
 
As mentioned in previous chapters, replacement of lead-based solders with ECAs requires 
advanced materials with desired electrical conductivity and mechanical strength, resembling 
those of the metallic solders. In conventional ECAs improvement of one of these 
fundamental properties (electrical vs. mechanical) essentially lead to sacrifice in the other. In 
other words, electrical conductivity enhancement of conventional ECAs requires more silver 
flakes to be added into the epoxy matrix; but the addition of a large amount of silver flakes is 
detrimental to the mechanical strength of the final composite due to the reduced volume 
fraction of the polymer matrix. In addition, as it has been said before, adding more 
conductive filler to epoxy after percolation threshold would not significantly improve the 
electrical conductivity. To address these concerns, research has been stepped up to 
implement hybrid filler systems (i.e., synergetic combination of nano-sized conductive 
materials and silver micro flakes) to develop cost-effective ECAs with desired properties. 
 
 
The incorporation of spherical Ag NPs to the system of epoxy and silver micro flakes has 
been discussed in detail in previous chapters. 
 
Generally, it has been believed that adding Ag 
NPs in small amounts compared to silver flakes improves the electrical conductivity of the 
ECAs while beyond that it may reduce the electrical conductivity. This negative effect has 
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been found as a result of the increased number of contact points among the micro and nano-
sized fillers [20,36];
 
a large number of contact points increase the contact resistance and 
reduce the efficiency of the electrical network to transfer electrons. To overcome the 
drawbacks in adding NPs, sintering between NPs during the curing of ECAs is suggested to 
decrease the number of contact points and subsequently to increase the electrical conductivity 
[21,39]. In Chapter 3 we showed that very small Ag NPs (less than 10 nm) can improve the 
electrical conductivity of the ECAs at a relatively low curing temperature (~150°C) because 
such small NPs can readily fill the gaps between the micro flakes while they also can be 
partially sintered because of their small size (less than 5 nm) [20]. However, a large amount 
of Ag NPs is still needed to form a percolated network which would increase the number of 
contact points within electrical pathways and decrease the electrical conductivity of ECAs. 
Besides, a large amount of NPs can negatively influence the mechanical strength, 
processability, and the final cost of ECAs. 
 
In recent years, high aspect-ratio nanofillers have been proposed as alternative materials for 
spherical NPs to overcome the concern of excessive contact points between NPs and to 
reduce the amount of conductive fillers [16–18,40–44,46]. High aspect-ratio nanomaterials 
can establish more stable and effective electrical networks at lower filler contents with less 
number of contact points. Moreover, they can provide better electrical conductivity without 
sacrificing the integrity and adhesive strength of the polymeric matrix [40]. For instance, Wu 
et al. reported a significant electrical conductivity improvement for the ECAs filled with 56 
wt% silver nanowires (Ag NWs) compared to that of the ECAs filled with micron-sized 
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and/or nano-sized spherical silver particles with similar filler concentration [40]. However, 
most of the studies performed in this field have involved the direct addition of Ag NWs into 
epoxy resin without silver flakes; this situation requires a large amount of Ag NWs to 
achieve the desired conductivities [18,40,45]. There is little research on the development of 
hybrid filler systems by using high aspect-ratio silver nanomaterials as auxiliary fillers in the 
formulation of the conventional ECAs. To the best of our knowledge, only Zhang et al. 
reported the use of Ag NWs along with the silver flakes (weight ratio of 2:3) to develop a 
hybrid fillers system and found a significant improvement in electrical conductivity of the 
fabricated ECA [50]. This study suggested a synergistic effect of high aspect-ratio Ag NWs 
and silver flakes on the electrical conductivity improvement of the hybrid ECAs.   
 
In this chapter, we report the incorporation of a new class of high aspect-ratio nanofillers 
(i.e., silver nanobelts (NBs)) into the conventional ECA to develop a hybrid ECA composite. 
The Ag NBs were synthesized through a high-yield chemical reduction method, based on the 
self-assembly and room-temperature joining of hexagonal and triangular Ag NPs as 
structural blocks of the NBs. Compared to the previously used Ag NWs, which are 
synthesized at high temperatures and long reaction times, the fabrication of the NBs is fast 
and occurs at room temperature [51]. Besides, the Ag NBs have a low “weight to length” 
ratio, which can form a percolated network at low concentrations which consequently reduce 
the total mass of composites. Our results revealed a significant improvement in the electrical 
conductivity of the hybrid ECA composite in comparison to the conventional ECA.  
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4.2 Experimental 
4.2.1 The Synthesis of Ag NBs  
 
The Ag NBs were synthesized by chemical reduction of silver nitrate (AgNO3, Sigma-
Aldrich) in the presence of poly(methacrylic acid) (PMAA) according to our recent work 
[25]. In detail, 2.1 g of AgNO3 was dissolved into 60 mL of de-ionized (DI) water and 
agitated in an ultrasonic bath for 10 minutes. Separately, 0.4-1 g reducing agent of ascorbic 
acid (Alfa Aesar) and a small amount of aqueous solution of PMAA sodium salt (40%, 
Aldrich Chemistry) were dissolved into 200 mL of DI water and agitated in an ultrasonic 
bath for 10 minute. The synthesis was started by adding the AgNO3 solution into the 
reducing solution while it was stirred gently by a magnetic stirrer. After 10 min, solid 
precipitates were collected by vacuum filtering and dried in a vacuum oven at room 
temperatures. 
 
4.2.2 Nanocomposite Preparation 
 
The synthesized Ag NBs along with Ag flakes (Aldrich, 10 μm) at different weight fractions 
were added to epoxy (diglycidyl ether of bisphenol A, DERTM 322, Dow Chemical 
company, USA). The weight fractions of the Ag flakes and Ag NBs are listed in Table 4-1.  
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Table  4-1. Weight fractions of silver NBs and silver flakes in the conventional and hybrid ECA 
samples 
 
 
To ensure a good dispersion of the NBs in the viscous epoxy, the NBs were first dispersed in 
isopropyl alcohol (IPA). The NBs suspension was then added into the mixture of Ag flakes 
and epoxy, which was slightly diluted by IPA. The mixture was then agitated for 30 min 
using a vortex mixer followed by 1 h of sonication; then, the mixture was degassed under 
vacuum for 1.5 h to remove the solvent from the system.  After degassing, the curing agent 
 Sample 
# 
Ag NB 
(mg) 
Ag flake 
(mg) 
NB content 
(wt%) 
𝑲 =
𝑨𝒈 𝑵𝑩
𝑨𝒈 𝒇𝒍𝒂𝒌𝒆
 
Total silver 
concentration (wt%) 
Total silver 
concentration 
(Vol%) 
C
o
n
ve
n
ti
o
n
a
l 
E
C
A
 
1 0 200 0 0 60 18.0 
2 0 210 0 0 61 18.9 
3 0 220 0 0 62 19.7 
4 0 230 0 0 63 20.4 
5 0 240 0 0 64 21.1 
6 0 564 0 0 81 38.6 
 
H
yb
ri
d
 
E
C
A
 
7 7 200 2 0.03 61 18.9 
8 18 200 5 0.09 62 19.7 
9 30 200 8 0.15 63 20.4 
10 40 200 11 0.2 64 21.1 
11 17 547 2 0.03 81 38.6 
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triethylenetetramine (TETA, Dow Chemical company, USA) was added to the mixture. The 
weight ratio of the curing agent to epoxy was 0.13. The final mixture was filled into a mold 
of 7 × 7 × 0.5 mm
3
 (L × W × D) made on a pre-cleaned microscope glass slide using pieces 
of adhesive tape. To make a smooth surface and control the sample thickness, a clean copper 
plate was placed on top of the mold; the extra material was squeezed out. The samples were 
pre-cured for 30 min at 60 °C and then cured at 150 °C for 2 h. After curing, the copper plate 
and adhesive tape were manually peeled off. The same procedure was applied to prepare 
conventional ECAs (epoxy and Ag flakes) except, there were no Ag NBs in the system. 
 
4.2.3 Characterization 
 
A standard differential scanning calorimeter (DSC, TA Instruments, Q 2000) was used to 
estimate the de-bonding temperature between the covering layer (PMAA) and the Ag NBs. In 
DSC tests, a sample of about 6 mg of Ag NBs was placed into a hermetically-sealed pan and 
placed into the DSC cell under a nitrogen purge at 50 mL/min. The first heating scans were 
performed at a rate of 10 °C/min. After the first scan, the sample was cooled down to room 
temperature and then re-scanned at the same heating rate. The sample weight-loss and the 
NBs surface coverage with PMAA were studied using thermogravimetric analysis (TGA, TA 
instrument, Q500-1254). A sample of about 10 mg was placed into the TGA sample pan. 
Dynamic scan was performed from 40 °C to 700 °C with a heating rate of 10 °C/min under a 
50 mL/min nitrogen purge atmosphere. The morphologies of the NBs and cured 
nanocomposites were examined by scanning electron microscope (SEM, LEO FE-SEM 
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1530, Carl Zeiss NTS) operating at 10 kV and high resolution transmission electron 
microscope (HRTEM, JEOL 2010F FEG) operating at 200 kV. For the cross-sectional 
analysis by SEM, samples were kept in liquid nitrogen bath for 10 min and gently broken 
while they were in the bath. The samples were mounted vertically on a SEM stub and SEM 
images were taken from the cross-section. The surface quality of the ECA nanocomposites 
was examined by water contact angle measurement tests along with surface roughness 
analysis. Water contact angle measurement tests were performed by placing 6 water droplets 
of ~3 μL on different spots on the sample surface. The static water contact angles on pure 
epoxy as well as on conventional and hybrid ECAs were measured by analyzing the image of 
each water droplet using a MATLAB code. The surface roughness of the samples was 
measured using a Veeco optical profilometer. The bulk electrical resistivity of the samples 
was measured using a four-point probe setup consisting of a probe fixture (Cascade 
microtech Inc.) and a source meter (Keithley 2440 5A Source Meter, Keithley Instruments 
Inc.). The sheet resistance of the samples (Rs) was characterized by the drop in voltage when 
applying a constant current (10 mA). The measurements were performed for four individual 
samples of a particular filler composition at 5 different spots; the average of all the readings 
was reported as the final value for that concentration. The electrical resistivity (ρ) of the 
nanocomposites was calculated using the following equation: 
 
𝜌 = 𝐹. 𝑡
𝜋
𝑙𝑛2
(
𝑉
𝐼
)        Equation 4.1 
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where t is samples thickness, I is the applied current, and V is the voltage drop measured by 
the source meter. In equation 1, F is a correction factor for a finite sample with finite 
thickness. F is a function of the ratio of sample thickness (t) to probe spacing (s). For 
 0.4 <  
𝑡
𝑠
 < 1, F is close to 1. In our system, in which the samples thickness is 0.5 mm and 
the probe spacing is 1 mm, F can be safely considered as 1.  
 
4.3 Results and discussion 
 
High aspect-ratio Ag NBs were fabricated by a facile chemical reduction approach based on 
the self-assembly and room-temperature joining of the hexagonal and triangular Ag NPs 
formed in the earlier stages of the synthesis. The synthesis mechanism is based on the 
reduction of silver ions by ascorbic acid to form initial silver crystals [51,141]. The PMAA 
covers the (111) planes of these initial crystals, making the growth rate in the [111] direction 
slower than that in the [100] direction. As a result, the initial crystals grow into a hexagonal 
morphology, as shown in Figure 4-1A [51,141–143]. The top and bottom planes of the 
hexagons are (111) planes while their edges are (111) and (100) planes [144–146]. However, 
throughout the synthesis process, some of the hexagons turn into triangles (see Figure 4-1B). 
The change in the morphology of hexagons is because of the difference between the growth 
rate of silver in [111] and [100] directions [145]. It should be noted that, despite the 
hexagons, the edges of the triangular Ag NPs only consist of (100) planes [145,147,148].  
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Since the top and the bottom flat faces of the hexagonal and triangular Ag NPs are covered 
by long-chain polymer molecules (PMAA), [25] they join to each other from the edges and 
assemble linearly to form high aspect-ratio belts [51,143]. Figure 4-1C and 4-1D clearly 
show the way the structural blocks (as pointed by arrows) were joined to each other and 
assembled into belt morphology. As can be seen in Figure 4-1D, the NBs are wavy and their 
edges are not flat. This interesting morphology is forming because of the shape of the 
structural blocks and also due to the way they join to each other. 
 
 
Figure  4-1. The SEM images of (A) a hexagonal silver NP; (B) a triangular silver NP; (C) A 
TEM image of the silver NB showing the self-assembly and joining of the structural blocks; (D) 
A SEM image of silver NBs. The white arrows point to hexagonal silver NPs and the black 
arrows point to triangular silver NPs. 
 
 
A B D
C
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The size analysis of the NBs was performed by measuring the length and width of 1700 
randomly-picked Ag NBs, extracted from the SEM images. The width of the belts was in the 
range of 100 to 400 nm while the majority of the end-to-end length of the NBs, presented in 
Figure 4-2, was in the range of 1 to 10 µm. 
 
 
Figure  4-2. The end-to-end length distribution of the silver NBs. The inserted image is a typical 
SEM image of the silver NBs. 
 
Although the presence of PMAA was crucial to control the shape of the NBs and prevent 
their aggregation, this layer, due to its insulating nature, may inhibit the electrical 
performance of the final nanocomposite. In other words, the amount of organic materials and 
their de-bonding temperature can largely affect the final electrical properties of the ECAs 
[21,39,50]. Hence, it is necessary to determine the amount of PMAA on the NBs surface and 
study its thermal properties. In this regard, DSC and TGA measurements were performed to 
determine the thermal behavior and amount of the organic layer on the NBs. Figure 4-3A 
represents the DSC curve for the Ag NBs. The first heating curve shows an endothermic peak 
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at 150 °C, which has disappeared in the second heating scan. This peak can be attributed to 
the de-bonding of PMAA from the NBs surface [21]. Thus, a minimum curing temperature of 
150 °C is needed to detach the PMAA from the NBs surface so as to eliminate the negative 
effect of the covering layer on the overall conductivity of the nanocomposite. Figure 4-3B 
shows the TGA curves for both the synthesized NBs and pure PMAA. It can be seen that 
most of the pure PMAA (more than 95 wt%) was decomposed up to 200 °C. Regarding the 
TGA curve for NBs, there is a slight weight-loss (~0.1%) up to 150 °C, which can be related 
to water evaporation or the decomposition of other impurities. After 150 °C, an abrupt 
transition was observed, which finished at the temperature around 425 °C. This transition can 
be attributed to the thermal decomposition of the PMAA, adsorbed on the surface of the NBs 
[21]. The total weight-loss (excluding the initial weight-loss) for the Ag NBs was ~1.3 wt% 
up to highest applied temperature of 650 °C, which shows the amount of PMAA on the 
surface of Ag NBs. Having a small amount of PMAA over Ag NBs indicates that the PMAA 
was physically adsorbed at the surface, seeing that covalent bonding could generally lead to 
the attachment of a large amount of PMAA on the surface of NPs [127,139].  
 
To investigate the effects of the Ag NBs on the electrical performance of the hybrid ECAs at 
low filler contents (close to the percolation threshold concentration), Ag NBs of different 
amounts (0-40 mg) were added to a control sample, which was a conventional ECAs 
containing a constant amount (200 mg, or 60 wt%) of silver flakes.  The weight ratios of Ag 
NB and Ag micro flake (K) were calculated, which increased from 0 to 0.2. The addition of 
Ag NBs also increased the total amount or weight fraction of conductive silver fillers from 
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60 wt% to 64 wt%.  In order to have direct comparisons, conventional ECAs of the same 
silver weight fractions as the hybrid ECAs were prepared and tested. All the samples and 
their composition are listed in Table 4-1. 
 
 
Figure  4-3. Thermal characterization of silver NBs, (A) DSC curves (heat flow vs. temperature) 
for silver NBs; (B) TGA curves (weight-loss vs. temperature) for both silver NBs and pure 
PMAA. 
 
Figure 4-4 shows the changes in the bulk resistivity of the hybrid ECAs as well as that of the 
conventional ECAs (as control samples) as the total silver weight fractions increased from 60 
wt% to 64 wt%; the weight ratio of Ag NBs to Ag flakes (K) are labeled beside each hybrid 
ECA composite. It can be seen that the adding a small amount of the Ag NBs (K = 0.03 ‒ 
0.09) into the conventional ECAs (K = 0) dramatically reduced the bulk resistivity of the 
conventional ECAs. The minimum bulk resistivity of the hybrid ECAs with K = 0.03 was 
approximately 6% of the resistivity of the conventional ECAs with the same filler content (61 
wt% of silver), resulting in an electrical conductivity enhancement of 1550%. When more 
(A) (B)
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NBs were added to the system (K = 0.15 and 0.20), the bulk resistivity of the hybrid ECAs 
started to increase, but only slightly. In contrast, bulk resistivity of the control conventional 
ECAs decreased slowly with the addition of more Ag flakes. At the weight fraction of 64%, 
the resistivities for the conventional and hybrid ECAs were close.  These results show that 
adding more Ag NBs or increasing the K value did not improve ECAs further. Perhaps a 
large amount of nanoscale fillers caused a significant increase in the number of contact points 
or contact resistance among the fillers through currently existed electrical pathways which 
may cancel out the positive effect of Ag NBs on adding more electrical conductive paths 
inside the network [20].  
 
 
Figure  4-4. The bulk resistivity of the hybrid ECAs (solid line), and the conventional ECAs 
(dashed line) at various silver concentrations. 
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It is worthwhile mentioning that during electrical resistivity measurements, it was noticed 
that there were some non-conductive spots on the surface of the conventional ECAs because 
the ECA surface was not homogeneous and the non-conductive spots contain only epoxy. In 
contrast, the measurements for the hybrid ECAs were quite similar all over the surface. This 
observation is reflected by smaller error bars of the data points for the hybrid ECAs in Figure 
4-4. It seems that the incorporation of the NBs into the conventional ECAs made the surface 
of nanocomposites more electrically homogeneous. Furthermore, both the conventional and 
hybrid ECAs were observed to bond well to the glass substrate surfaces; implying that the 
addition of the NBs in the system has no significant effect on the adhesive bonding strength.  
 
To further evaluate the effectiveness of the hybrid filler system in the fabricated ECA 
composites, the weight fraction of silver in both the conventional and hybrid ECA 
composites was increased from the 61 wt% to 81 wt%. The bulk resistivity of the epoxy 
filled with 81 wt% of silver flakes was 4.5 × 10
-4
 Ω.cm, which is close to the bulk resistivity 
of the hybrid ECAs filled with 61 wt% of silver (NBs + silver flakes) (6 × 10
-4
 Ω.cm), as 
shown in Figure 4-5. These data clearly demonstrate that employing small amounts of Ag 
NBs is more effective in reducing the electrical resistivity than adding more Ag flakes to the 
system.  We also added 2 wt% (equal to 0.64 vol%, K = 0.03) Ag NBs to the conventional 
ECAs, filled with 80 wt% silver flakes (total silver content of 81 wt%), which showed almost 
246% better electrical conductivity (the reciprocal of the measured resistivity) in comparison 
to the conventional ECA filled with the same amount of silver flakes (81 wt%). These results 
show that the effect of the NBs on the electrical conductivity enhancement of the ECAs at 61 
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wt%  filler content (close to the percolation threshold) is more pronounced than that at 81 
wt% filler content, which is beyond the percolation threshold.  
 
 
Figure  4-5. The comparison between the electrical resistivity of conventional and hybrid ECAs 
at different filler concentrations of 61 and 81 wt%. 
 
To obtain more insights into the observed electrical conductivity improvement of the hybrid 
filler system, the total number of filler particles in a hybrid ECA is compared with that in the 
conventional ECA. Considering the NBs as a rectangular cubic with dimension of 5µm × 200 
nm × 20 nm (length × width × thickness), and the flakes as a circular disc with radius of 5 
µm and thickness of 500 nm, the number of Ag NBs and silver flakes per gram is about 5 × 
10
12
 and 6 × 10
8
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than that of silver flakes. Because of the smaller size of the NBs, they can readily fill in the 
interstitial space among the micro flakes to have a better filler distribution at small 
(submicron) length scales.  
 
As mentioned in previous chapters, the overall resistance of an electrical network comes 
from the bulk resistance of fillers and the contact resistance between neighboring fillers as 
illustrated in Figure 4-6A1. The filler-filler contact resistance itself is composed of two 
distinct parameters: constriction resistance and tunneling resistance. In the ECA systems, the 
NBs can bridge the separated Ag flakes, helping the development of more electrical paths in 
the hybrid ECA and as a result, having lower tunnelling resistance in the case of hybrid ECA. 
On the other hand, a large amount of NBs may increase the number of contact points and 
subsequently increase the constriction resistance among the fillers, which can be detrimental 
to the quality of filler network. This is evidenced by the fact that increased ratio of NBs to 
micro flakes or the K values in Figure 4-4 did not improve the conductivity. Thus, the 
addition of an excessive amount of NBs should be avoided. 
 
SEM analysis was performed to verify the bridging of the NBs between Ag flakes. Figures 
4.6A1 and 4.6A2 show the typical SEM images of the cross-sections of both the conventional 
and hybrid ECAs with the same (i.e., 61 wt%) filler concentration, respectively. As can be 
observed in Figure 4.6A1, many silver flakes in the conventional ECA are separated by 
epoxy; thus, the electrical network has not been completely established. In contrast, Figure 
4.6A2 shows that in the case of the hybrid ECA, NBs bridged those separate silver flakes and 
  100 
made them connected (as pointed by the white arrow). It also shows that the NBs are evenly 
distributed throughout the epoxy; no noticeable aggregation can be observed. This 
observation evidenced the effectiveness of the dispersion method employed in the 
preparation of the hybrid filler system, which led to homogeneous dispersion of the NBs 
throughout the nanocomposite. The inserted image of Figure 4.6A2 is a higher magnification 
SEM image of the Ag NBs in the nanocomposite. It can be seen that the structure of the NBs 
was preserved during the nanocomposite preparation. 
 
Figure  4-6. SEM images of the cross-sections of (A1) the conventional ECA; (A2) the hybrid 
ECA filled with the same amount of silver fillers (61 wt%). The inserted image is a high 
magnification SEM image of Ag NBs. 
 
The surface properties of the hybrid ECAs might be another reason for the electrical 
conductivity improvement of the ECAs. They were investigated by performing water contact 
angle tests and roughness measurements.  As can be observed in Figure 4-7A1 and 4-7B1, 
A1 A2
Ag NBs
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adding 2 wt% Ag NBs to the conventional ECAs with 60 wt% Ag flakes (total silver content 
of 61 wt%) decreased the water contact angle from 105° ± 5.2° for the conventional ECA to 
64° ± 7° for the hybrid ECA. The water contact angle measurements were also performed for 
other hybrid samples (with 62-64 wt% of silver), while pretty much similar results (ranging 
from 65° to 77°) were obtained. Given that the water contact angle can be significantly 
affected by the topographical structure of the surface (i.e., roughness), the average surface 
roughness (Ra) of the conventional and hybrid ECAs were measured by Veeco optical 
profilometer. The typical surface profiles of both samples (having Ra of 593 ± 61 nm and 516 
± 130 nm, respectively) are presented in Figures 4-7A2 and 4-7B2. The surface profile of the 
both samples is almost similar, demonstrating that the effect of surface roughness on the 
measured water contact angles is negligible.   
 
The water contact angle on pure epoxy was measured to be 80° ± 5°. The water contact angle 
on the Ag flakes cannot be determined because of their discrete nature. In the literature, pure 
Ag has been reported to have a low contact angle close to 0° [149], while Ag covered with 
the common surfactant stearic acid has a water contact angle about 160° [150]. Recalling the 
effective contact angle of the conventional ECA as 105° ± 5.2°, it is obvious that the surface 
of the conventional ECA consisted of both epoxy and silver flake.  However, the addition of 
Ag NBs with the low water contact angle of 0° to 49° [149,151] (depending on whether the 
PMAA was fully or partially decomposed from the NBs surface) to the conventional ECA 
led to a significant decrease in the water contact angle for the hybrid ECA (i.e., from 105° ± 
5.2° for the conventional ECA to 64° ± 7° for the hybrid ECA). Considering the small 
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amount of Ag NBs added, it can be stated that NBs have significantly enriched the surface 
composition, leading to improved electrical conductivity of hybrid ECAs.  
 
 
Figure  4-7. The water contact angles for (A1) a conventional ECA - sample 2 and (B1) a hybrid 
ECA- sample 7. Surface topography maps for (A2) the conventional ECA and (B2) the hybrid 
ECA. SEM images of the cross-sections of ECA showing the near surface composition for (A3) 
the conventional ECA and (B3) the hybrid ECA at a 90 degree view angle.   
SEM morphological analyses were further performed on the cross-sections of the 
conventional ECA as well as that of the hybrid ECA (61 wt% silver) to evaluate filler 
distribution (shown in Figure 4-7A3 and 4-7B3, respectively). To avoid possible distortion of 
105° 64°
A1 B1
A3 B3
A2 B2Ra = 593 nm Ra = 516 nm
Adding NBs
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filler distribution during the preparation of cross-sections, the ECA samples were frozen in 
liquid nitrogen and gently broken into two parts while in the liquid nitrogen bath. It can be 
observed in Figure 4-7A3 that the surface of the conventional ECA was partially covered by 
silver flakes. In contrast, in the case of the hybrid ECA (see Figure 4-7B3), the silver fillers 
(including both Ag flakes and NBs) are the dominant component occupying the near surface 
matrix of the composite. Although further surface analyses are needed to fully quantify the 
surface filler compositions the SEM images and the water contact angle analyses suggested 
that the introduction of the Ag NBs to the system may have enhanced the fraction of 
conductive fillers at the surface, even though the total amount of silver fillers is still similar 
to that of the conventional ECA. This enrichment of silver fillers in the hybrid ECA can also 
explain the better electrical conductivity of the hybrid ECA in comparison to that of the 
conventional ones. 
 
4.4 Summary 
 
High aspect-ratio Ag NBs were synthesized and utilized to develop a nano and micro hybrid 
filler system for the epoxy-based conductive adhesive composites. The synthesis of the Ag 
NBs is based on a chemical reduction of silver nitride in the presence of PMAA. It involves 
an innovative process of the self-assembling and room-temperature joining of hexagonal and 
triangular structural blocks formed at the initial stages of the synthesis to fabricate high 
aspect-ratio NBs. The DSC and TGA analyzed showed that only a small amount of PMAA 
physically adsorbed on the NBs surface, while the attached polymer can be detached from 
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the surface at 150 °C.  The high aspect-ratio NBs were successfully incorporated to the 
system of conventional ECAs, consisting of silver flakes and epoxy, to make hybrid ECAs of 
superior electrical properties. It was found that the hybrid ECAs always displayed lower 
electrical resistivity than the conventional ECAs. In particular, the introduction of a small 
amount of the Ag NBs (weight ratio of the NBs to flakes K = 0.03) into a conventional ECA 
with 60 wt% micron-sized silver flakes resulted in an electrical conductivity enhancement by 
1550% in comparison to that of the conventional ECAs with the same total silver weight 
fraction (61 wt%). The conductivity enhancement comes from the bridging of Ag NBs 
among the silver micro flakes. The addition of a larger amount of Ag NBs did not improve 
the conductivity further because it increased the number of contact points and subsequently 
the contact resistance among the fillers, which might cancel out the positive effect of 
bridging on the quality of filler network. Other than the bridging effect of Ag NBs in the 
hybrid ECAs, the SEM and the water contact angle analyses suggested that the introduction 
of the Ag NBs to the system may have enhanced the fraction of conductive fillers at the 
surface, even though the total amount of silver fillers is still similar to that of the 
conventional ECA. This might be another reason for the electrical conductivity improvement 
of the ECAs.  Moreover, it was found that adding a 2 wt % (K = 0.03) of the NBs into a 
conventional ECA with 80 wt% Ag flakes improved the electrical conductivity of ECAs by 
240%, implying the importance of the NBs in improving the electrical conductivity of ECAs 
at concentrations close to the percolation threshold, where the electrical network is not fully 
formed and silver flakes are not in the complete contact with one another. 
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Chapter 5. Electrically Conductive Adhesives Using Ag NP-
decorated graphene: The Effect of NPs Sintering on the Electrical 
Conductivity Improvement 
 
5.1 Introduction 
 
In Chapters 3 and 4 we explained electrical conductivity improvement of conventional ECAs 
by implementing hybrid filler system (using spherical Ag NPs and high aspect-ratio Ag 
NBs). We showed that spherical Ag NPs can be melted at temperatures far less than their 
bulk melting point (due to the depressed melting point effect) and provide metallurgical 
connection between silver flakes. One dimensional (1-D) silver nanostructures (e.g., NWs, 
NBs, etc.) were found to be more effective than spherical NPs at enhancing the electrical 
conductivity of ECAs. The 1-D nanostructures can provide more electrical pathways inside 
ECAs and establish a percolated network at lower filler contents while still taking advantage 
of the depressed melting point effect due to their nano size. 
 
Since the discovery of graphene nanosheets, they have drawn an intensive attention towards a 
variety of research fields to utilize their exceptional thermal, mechanical, optical and 
electrical properties. These nanosheets are flat monolayers of carbon atoms, 0.335 nm thick, 
densely packed into a honeycomb 2-D lattice structure [52,53,61].
 
Possessing the largest 
aspect-ratio among all the nano-structured materials and also having 2-D structure, graphene 
nanosheets are promising nanomaterials, able to establish a percolated network at very low 
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concentrations. Luan et al., demonstrated the significant potential of graphene to reduce the 
percolation threshold of ECA by decreasing the tunnelling resistance in the electrical network 
[54]. However, one challenge with the use of graphene is its aggregation during mixing with 
polymers, as graphene nanosheets tends to attract one another with strong van der Waals 
forces [55,56]. In order to harness the characteristic properties of graphene, its unique single 
layer structure must be preserved during nanocomposite fabrication [57].  Pasricha et al., 
reported that the decoration of graphene with Ag NPs is an effective way to exfoliate 
graphene nanosheets, and to prevent their aggregation [58]. Apart from the aggregation 
problem, the quality of filler-filler contact is another important issue [23,58]. Oh et al., 
reported a significant contact resistance reduction when they decorated carbon nanotubes 
(CNTs) with glutaric acid-functionalized Ag NPs [23]. Considering the higher aspect-ratio of 
graphene than CNTs [59], the Ag NP-decorated graphene should be more promising 
nanofiller to improve the electrical conductivity of conventional ECAs as Peng et al, recently 
reported the electrical conductivity improvement of ECAs via addition of Ag NP-decorated 
graphene to the conventional ECAs [60]. If sintering of Ag NPs on the graphene surface 
occurs, it can significantly decrease the contact resistance between neighboring fillers via the 
formation of metallurgical contacts between silver flakes and graphene nanosheets. It should 
be noted that the organic layer over the surface of the Ag NPs has an important impact on 
their sintering behavior [21,101]. The smaller amount of organic material and the shorter 
organic chain length help the sintering at lower temperature, as well as electron transfer 
inside the network [20–22,34]. Recently, Liu’s research group developed new in situ 
approaches to decorate the graphene surface with Ag NPs for ECAs application [113,114]. In 
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their method, the formation of Ag NPs on graphene surface occurs during the curing process 
of epoxy, making the NPs size very sensitive to curing temperature. Although in situ 
approaches eliminate the use of organic layer over NPs surface, it makes it difficult to keep 
the NPs size constant as the curing temperature changes. Furthermore, at temperatures less 
than NPs formation temperature, there would be no Ag NPs inside the nanocomposites, 
thereby limiting the applications of the ECAs to those operating at temperatures higher than 
NPs formation temperature.  
 
In this chapter, we report a simple wet chemistry approach to decorate the graphene surface 
with Ag NPs for ECAs applications and carried out a systematic investigation on the effect of 
NPs sintering on the electrical conductivity improvement of hybrid ECAs. The NPs were 
functionalized with MPA to control their size and to prevent their oxidation. The small size 
of the NPs covered by very short chain length organic layer (MPA with 3 carbon atoms chain 
length) makes the NPs dispersible in organic solvent and possible to sinter at low 
temperatures. By decorating the graphene surface with small size MPA-functionalized Ag 
NPs and introducing them into epoxy/silver composite, we can provide metallurgical 
connection between neighboring fillers at low temperatures and also increase the surface area 
for electron transportation inside the electrical network. The electrical conductivity of the 
hybrid ECAs were measured at different curing temperatures and compared to those of 
conventional ECAs and hybrid ECAs with non-modified graphene. The mechanism of 
electrical conductivity improvement was discussed according to the quality of filler-filler 
interaction at different temperatures. The sintering behavior of conductive fillers was 
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investigated using morphological, electrical, and thermal studies. A highly conductive hybrid 
ECA was prepared by introducing a small amount of Ag NP-decorated graphene nanosheets 
(1 wt%) to the conventional formulation of ECAs. The resultant hybrid ECAs were found to 
have a bulk resistivity of 4.6 × 10
-5
 Ω.cm which is close to that of lead-based solders [14].   
 
5.2 Experimental 
5.2.1 The decoration of graphene with MPA-functionalized Ag NPs 
 
Graphene oxide (GrO) was first prepared before the deposition of Ag NPs. For this, 50 mg of 
graphene nanosheets (ACS material, USA) with an average size of 1 μm was dispersed into a 
solution (100 ml)  of sulfuric and nitric acids (3:1 volume ratio) and stirred at 70 °C for 20 
min. The solution was then filtered using a polycarbonate (PC) membrane (with a pore size 
of 100 nm) and washed several times with de-ionized (DI) water until the pH became neutral. 
The filtrate was dried in a vacuum oven overnight.  
 
The deposition of Ag NPs on the surface of graphene oxide nanosheets is based on the direct 
reduction of Ag ions (adsorbed on the surface of graphene oxide) using a strong reducing 
agent (NaBH4) in the presence of MPA.  First, 20 mg of GrO was dispersed in 50 ml DI 
water using a bath sonicator for 30 min. Second, a solution of 170 mg AgNO3 (≥ 99 wt%, 
Sigma-Aldrich) in THF and DI water (5:1 volume ratio) was added to GrO solution and 
stirred for 1 hr. Third, a solution of 0.4 ml MPA (≥ 99 wt%, Sigma-Aldrich) in 20 ml THF 
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was added to the mixture in a drop wise fashion. Finally, 10 ml aqueous solution of NaBH4 
(≥ 99 wt%, Sigma-Aldrich) was added to the mixture, leading to an abrupt precipitation of a 
dark solid. To remove the un-attached Ag NPs from system, the mixture was filtered using a 
PC membrane (with a pore size of 400 nm) and continuously washed with DI water.  
 
5.2.2 Preparation of conductive filler “thin-films” 
 
To prepare a “thin-film” of silver flakes and Ag NP-decorated graphene for “thin-film” 
conductivity measurements, the decorated graphene was dispersed into 5 ml of ethanol using 
a bath sonicator for 30 min. 100 mg of silver flakes (Aldrich, 10 μm) was then added; and, 
the solution was sonicated for a further 30 min. The solution was then deposited on a glass 
slide and heated at different temperatures for 1 hr to evaporate the solvent. The same 
procedure was performed to prepare pure silver flake “thin-film” as well as silver flakes and 
non-modified graphene “thin-film”. 
 
5.2.3 ECA nanocomposite preparation 
 
The Ag NP-decorated graphene along with silver flakes were added to epoxy (diglycidyl 
ether of bisphenol A, DERTM 322, DOW chemical company, USA). To ensure a good 
dispersion of the decorated graphene in the viscous epoxy, the decorated graphene was first 
dispersed into ethanol for 30 min using a bath sonicator. Ag flakes and epoxy were then 
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added to the decorated graphene dispersion; the mixture was further mixed using a vortex 
mixer for 20 min followed by ultrasonication for 1 hr. The mixture was then degassed under 
vacuum for 1.5 hr to remove the solvent from the system.  After degassing, the curing agent, 
triethylenetetramine (TETA, DOW chemical company, USA), was added to the mixture. The 
weight ratio of the curing agent to epoxy was 0.13. The final mixture was filled into a mold 
of 7 × 7 × 0.5 mm
3
 (L × W × D) made on a pre-cleaned microscope glass slide using pieces 
of adhesive tape. To fabricate a smooth surface and control the sample thickness, a clean 
copper plate was placed on top of the mold; the extra material was squeezed out. The 
samples were pre-cured for 30 min at 60 °C and then post cured at different curing 
temperatures (i.e., 150 °C, 190 °C, and 220 °C) for 2 hr. After curing, the copper plate and 
adhesive tape were peeled off. Similar mixing and curing procedures were applied to prepare 
hybrid ECAs with non-modified graphene and conventional ECAs except that for 
conventional ECA there was no graphene in the system. It should be noted that in hybrid 
ECAs, the weight fraction of both modified and non-modified graphene was kept at 1 wt%.   
 
5.2.4 Characterization  
 
Fourier transform infrared spectroscopy (FTIR) (Tensor 27, Bruker Co.) was performed to 
verify the functionalization of Ag NPs on the surface of graphene nanosheets. A high 
resolution transmission electron microscope (HRTEM, JEOL 2010 F FEG), operated at 200 
kV and equipped with Gatan ultra scan imaging filter, was used to characterize the size of Ag 
NPs on graphene surface. The morphologies of the decorated graphene and conductive “thin-
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films” were examined by scanning electron microscope (SEM, LEO FE-SEM 1530, Carl 
Zeiss NTS) operated at 10 kV. Ultraviolet-visible spectroscopy (UV-vis) (UV-2501 pc, 
Shimadzu) was performed to confirm both the synthesis and the quality of size distribution of 
the synthesized Ag NPs on the graphene surface. X-ray diffraction (XRD) patterns of the 
decorated graphene were collected on a D8 Discover Bruker instrument equipped with Cu-
Kα radiation. To collect the XRD patterns, samples were deposited on a glass sample holder. 
The weight-loss of Ag NPs and the decorated graphene were studied using 
thermogravimetric analysis (TGA, TA instrument, Q500-1254). A sample of approximately 3 
mg was placed into the TGA sample pan, and a dynamic scan was performed from 40 °C to 
800 °C with a heating rate of 10 °C/min under a 50 mL/min nitrogen purge atmosphere. The 
sheet resistance of samples was measured using a four-point probe setup consisting of a 
probe fixture (Cascade microtech Inc.) and a source meter (Keithley 2440 5A Source Meter, 
Keithley Instruments Inc.). The sheet resistance was converted to the bulk resistivity 
according to:  
 
𝜌 = 𝐹. 𝑡
𝜋
𝑙𝑛2
(
𝑉
𝐼
)        Equation 5.1 
 
where t is samples thickness, I is the applied current, and V is the voltage drop measured by 
the source meter. In equation 1, F is a correction factor for a finite sample with finite 
thickness. F is a function of the ratio of sample thickness (t) to probe spacing (s). For 
 0.4 <  
𝑡
𝑠
 < 1, F is close to 1. In our system, in which the samples thickness is 0.5 mm and 
the probe spacing is 1 mm, F can be safely considered as 1.  
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5.3 Results and discussion 
5.3.1 Ag NP decoration of graphene nanosheets 
 
The schematic mechanism of Ag NP decoration of graphene is illustrated in Figure 5.1. In 
order to decorate graphene with Ag NP, the graphene nanosheets were first oxidized to 
generate polar functional groups (hydroxyl and carboxylic groups) on their surface (shown in 
Figure 5-1A) using a typical acid treatment process with a mixture of sulfuric and nitric acids 
(3:1 volume ratio).  
 
 
Figure  5-1. A schematic of silver decoration over the surface of graphene; A) GrO with oxygen 
functionalities; B) adsorption of Ag ions on the oxygen functionalities of the graphene surface to 
form nucleation sites for Ag NPs; C) graphene decorated with MPA-functionalized Ag NPs. 
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The resultant GrO was dispersible in water, which is needed for further surface modification, 
as the synthesis of Ag NPs on the graphene surface is performed in an aqueous medium. 
Comparing the FTIR spectra of the non-modified graphene and GrO (Figure 5-2A) confirms 
the presence of polar functional groups on acid-treated graphene surface. The peak at 1704 
cm
-1
 is attributed to the C=O carbonyl stretching vibrations of carboxylic groups, while this 
peak is damped before acid treatment [152]. The strong and broad peak around 3400 cm
-1
 is 
assigned to O-H stretching vibrations due to hydroxyl groups of GrO [58]. In addition, the 
peaks at 1617 cm
-1
, and 1228 cm
-1
 in the GrO spectrum are attributed to the C=C stretching 
and C-OH stretching bands, respectively [153]. Similar peaks with a slight shift are observed 
in the spectrum of the non-modified graphene. The FTIR results confirm that the graphene is 
successfully functionalized with hydroxyl and carboxylic groups through the acid treatment 
process. The functionalization can be further verified by comparing the dispersion qualities 
of graphene in polar solvents, i.e., ethanol and water, before and after acid treatment. 
Graphene before the treatment was not dispersible in ethanol and water while the GrO was 
dispersible and stable in both solutions for more than 8 hours (see Figure 5-2B).  
 
Ag NPs were synthesized on GrO surface through a two-step process as illustrated in Scheme 
1B and C. In the first step, GrO and AgNO3 aqueous solutions were stirred together for 1 hr 
to provide initial active nucleation sites on the surface of graphene. The carboxylic groups, 
uniformly distributed on the graphene surface [154], form a complex with the Ag ions and 
attach them to the surface of graphene [58]. The reduction of Ag ions on GrO surface has 
been reported in recent literature [58,152,154].  
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Figure  5-2. A) The infrared spectrum of non-modified graphene (curve 1), GrO (curve 2) and 
Ag NP-decorated graphene (curve 3); B) digital images of the dispersion of I) non-modified 
graphene, II) GrO, and III) Ag NP-decorated graphene in ethanol. 
 
 
Figure 5-3A shows a representative SEM image of graphene oxide nanosheets before 
decoration. Figure 5-3B shows the Ag NPs, formed in the first step, on the graphene surface. 
As can be observed in this figure, very small NPs are homogeneously distributed on the 
graphene surface which is related to the uniform distribution of oxygen functionalities over 
GrO surface. As observed in Figure 5.3C, there is no agglomeration of Ag NPs on the surface 
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of graphene. The size of individual NPs, formed in this step, is less than 5 nm. Figure 5-3D 
shows the EDX spectrum of the elemental state of Ag NPs on graphene surface (i.e., first 
step of Ag NP decoration of graphene). A relatively strong peak for Ag (indicated by the 
black arrow) in this spectrum along with the peaks of carbon and oxygen confirms the 
formation of Ag NPs in this stage. The presence of the oxygen peak implies oxygen 
functionalities still exist on the graphene surface.  
 
 
Figure  5-3. A) A representative SEM image of GrO before decoration B) A representative SEM 
image of silver nucleation on the graphene surface; C) a magnified image of the selected area of 
Figure B; D) EDX diagram of the elemental state of Ag NPs on the surface of graphene (the 
black arrow indicates the relatively a strong peak for Ag). 
A
C
B
D
  116 
The second step of Ag NP decoration of graphene is based on direct reduction of the 
remaining Ag ions by NaBH4 in the presence of MPA as a capping agent. MPA chains, with 
a sulfur group at one end and a carboxylic group at the other, form micellar structures at the 
nucleation sites in THF/water medium and trap the remaining Ag
 
ions [20]. When MPA was 
added to the solution of GrO and AgNO3, the initial dark solution became greyish along with 
the formation of small clusters in the solution. In Chapter 3, we explained that the color 
change is associated with the formation of Ag-S bands [20,130]. Upon the addition of 
NaBH4, all the ions are reduced to Ag° and form Ag NPs covered by MPA on the graphene 
surface. The role of MPA is to control the size and shape of NPs and to prevent them from 
oxidation [20]. As shown in Figure 5-2A, the strong and sharp peak at 1696 cm
-1
 in the FTIR 
spectrum of the Ag NP-decorated graphene is attributed to the carbonyl stretching frequency 
resulting from the semiquinone moieties on Ag NPs surface [58]. The MPA on Ag NPs 
surface makes the decorated graphene dispersible in polar solvents (i.e., ethanol and water); 
Figure 5-2B (sample 3) shows a stable dispersion of the Ag NP-decorated graphene in 
ethanol. The same quality of stability was observed for the decorated graphene in water. 
 
Apart from reducing Ag ions, NaBH4 plays an important role in restoring the conjugated sp
2 
network. Some research groups reported the contribution of NaBH4 in reducing GrO to 
graphene and increasing its conductivity [65,155]. The diminished spectra of Figure 5-2A at 
3400 cm
-1
 for Ag NP-decorated graphene implies there is no oxygen moiety on the surface of 
graphene after the completion of the decoration of graphene, which in turn confirms the 
restoration of π-π carbon bonds after the decoration of the graphene surface.  
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UV-vis spectroscopy was performed to confirm the synthesis of the individual Ag NPs on the 
graphene surface. It is well known that Ag NPs larger than 2 nm show a strong and broad 
peak in the UV-visible range (390 to 460 nm) due to the excitation of surface plasmon bonds 
(SPB) [132]. The position and symmetrical feature of this peak give useful information about 
both the size and size distribution of the NPs. Figure 5-4A shows the UV-vis spectra of GrO, 
Ag NP-decorated graphene, and the individual Ag NPs fabricated with a similar procedure 
(as described in Chapter 3) [20]. The UV-vis spectrum of GrO shows a peak around 223 nm 
corresponding to π→π* transitions of aromatic C-C bonds [153]. For the Ag NP-decorated 
graphene, the presence of the characteristic peak at 394 nm clearly indicates the formation of 
Ag NPs on the graphene surface. The symmetry of this peak implies a homogeneous size 
distribution of the NPs. Compared to the spectrum of the individual Ag NPs, the spectrum of 
the Ag NP-decorated graphene shows a shoulder at 270 nm which is attributed to graphene 
aromatic C-C bonds. The presence of this peak further confirms the decoration of graphene 
with Ag NPs. The XRD pattern of the Ag NP-decorated graphene is shown in Figure 5-4B. 
The dominant peaks are observed at 38.2°, 44.3°, 64.6°, and 77.6° with corresponding to 2θ 
values. According to JCPDS card No. 07-0783, these peaks correspond to the (1 1 1), (2 0 0), 
(2 2 0) and (3 1 1) crystallographic planes of face center cubic (fcc) of the Ag NPs. The 
highest diffraction intensity is found for the peak at 38.2°, which indicates that the surface of 
Ag NPs is preliminary (1 1 1) planes that are considered the most stable crystalline structure 
[51]. Graphene nanosheets usually show a diffraction peak at 26° which corresponds to the 
0.335 nm interlayer spacing of graphite [108]. In the diffraction pattern of GrO, another peak 
is observed at 13.6°, suggesting possible partial structural damage of graphene after 
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oxidation. Others have observed similar trends in the shift of the XRD peak to lower angles 
due to the chemical oxidation of graphene [156,157]. However, this peak has been dampened 
and shifted to 12.2° indicating the effectiveness of NaBH4 in restoring the conjugated sp
2
 
bands of graphene aromatic structure.  
 
 
Figure  5-4. A) UV-vis spectra of GrO, individual Ag NPs (synthesized with the same procedure 
as the Ag NPs on graphene surface), and Ag NP-decorated graphene; B) XRD pattern of GrO 
and the Ag NP-decorated graphene. 
 
Figure 5-5A shows a representative TEM image of graphene sheets before treatment. A 
representative TEM image of the Ag NP-decorated graphene can be observed in Figure 5-5B 
where the black arrow indicates to the graphene edge. As can be seen in this image, spherical 
Ag NPs with an average size of 9.1 nm ± 3.1 nm formed on the graphene surface along with 
some small particles (less than 2 nm). The small NPs are those formed in the first step and 
did not grow further. This image confirms that graphene maintained its smooth and very thin 
structure. Figure 5-5C displays a SEM image of the Ag NP-decorated graphene showing two 
A B
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layers of the decorated graphene beside one another. Figure 5-5D shows a HRTEM image of 
the selected area of Figure 5-5B. The amorphous structure over the surface of the NPs (as 
indicated by red arrows) clearly shows the surface coverage of Ag NPs by MPA. This image 
supports the FTIR results.  
 
 
 
Figure  5-5. A) a representative TEM image of non-modified graphene; B) a representative 
TEM image of the decorated graphene with MPA-functionalized Ag NP, the edge of graphene 
single layer are pointed by a black arrow, C) a representative SEM image of the decorated 
graphene; D) a HRTEM images of the selected area of Figure B, showing the presence of an 
amorphous structure (pointed by arrows) of MPA on Ag NPs surface. 
 
 
Graphene edgeA B
C
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5.3.2 Electrical conductivity measurements of conductive filler “thin films” and ECA 
nanocomposites 
 
To investigate the effectiveness of the Ag NP-decorated graphene as a co-filler inside the 
electrical network, we first performed “thin-film” conductivity studies to examine the inter-
filler interaction prior to adding them into epoxy matrix. The electrical resistivity of a “thin-
film” of silver flakes and the decorated graphene as a novel hybrid filler system was 
measured and compared to those of pure silver flakes and silver flakes with non-modified 
graphene “thin-films” at varied temperatures. In each sample the total amount of silver was 
constant. The results are shown in Figure 5-6. The electrical resistivity of hybrid filler system 
with both the decorated graphene (Ag flakes & Gr-Ag NPs) and non-modified graphene (Ag 
flakes & Gr) were decreased over the pure silver flake films (Ag flakes) for all measured 
temperatures. Due to its 2-D structure and high aspect-ratio, graphene provides more surface 
area for electron transport inside the network and displays improved electrical conductivity 
with the hybrid filler system [54,113].  
 
As can be observed in Figure 5-6, the electrical resistivity of all three film samples decreased 
as the temperature increased. However, the electrical conductivity improvement for hybrid 
filler film with the decorated graphene was more significant at higher temperatures than the 
other two. The increase in the electrical conductivity of both the pure silver flakes film and 
the hybrid filler films with non-modified graphene at higher temperature can be attributed to 
the increased packing density of silver flakes that enhanced the connection between 
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conductive fillers. The significant improvements of the electrical conductivity for the hybrid 
filler film with the decorated graphene at higher temperatures (i.e., 150 °C and 220 °C) is 
related to the contribution of the Ag NPs in the system. The presence of small Ag NPs on the 
graphene surface provides an opportunity to take advantage of the “melting depression 
effect”. At higher temperatures, some Ag NPs began to sinter to each other as well as to the 
silver flakes. This situation provides metallurgical contacts between silver flakes and 
graphene which facilitates electron transportation throughout the electrical network.  
 
 
Figure  5-6. The effect of temperature on the electrical conductivity of conductive fillers “thin-
films” before their addition into epoxy. 
 
 
Sintering of Ag NPs is largely affected by the amount of organic layer present on their 
surface and also by the temperature at which this layer is decomposed from the surface [34]. 
Thus, the thermal behavior of the Ag NP-decorated graphene was studied using TGA to 
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evaluate the phase transition of the Ag NPs on the graphene surface. Figure 5-7A shows the 
TGA results for Ag NP-decorated graphene and Ag NPs synthesized with a similar procedure 
(As explained in Chapter 3). For the individual Ag NPs, thermal decomposition began at 130 
°C. The weight of the NPs decreased by 3 wt% until 285 °C due to the decomposition of un-
bonded MPA and/or absorbed water in the system [20]. As the temperature increased, the 
NPs displayed two main thermal decomposition steps. The first transition occurred between 
290 °C and 380 °C, displaying an approximate weight-loss of 8 wt% that may be attributed to 
the amount of MPA physisorbed on the surface of Ag NPs (as explained in Chapter 3). The 
second transition with a 10 wt% weight-loss was observed at 385 °C, and continued up to 
455 °C. This large weight-loss is attributed to the decomposition of chemisorbed organic 
materials [139]. Conversely, the thermal decomposition of surface residue for the Ag NP-
decorated graphene occurs with a slight transition step, starting from 145 °C and ending at 
375 °C, which can be attributed to the thermal decomposition of MPA adsorbed on the 
surface of the Ag NPs [20]. Comparing the TGA results of the decorated graphene with 
individual NPs indicates the thermal decomposition of MPA from the NPs surface occurs at 
lower temperature for the decorated graphene than individual NPs. These results also show a 
lower amount of MPA (< 3.5% for the Ag NP-decorated graphene compared to 22% for the 
individual Ag NPs) covering the surface of the Ag NPs on the graphene surface, which helps 
with occurrence of sintering at lower temperature. TGA results suggest that at temperatures 
higher than 145 °C, Ag NPs on the surface of graphene started to sinter with each other.  
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Figure  5-7. A) TGA analysis of the Ag NP-decorated graphene and the individual Ag NPs, 
synthesized with a similar procedure; B) an SEM image of the “thin-film” of the Ag NP-
decorated graphene and silver flakes mixture at room temperature; C) SEM image of silver 
flakes “thin-film” at 220 °C; D and E) SEM images of the Ag NP-decorated graphene and silver 
flakes “thin-films” at 150 °C, and 220 °C, respectively, showing the sintering between the Ag 
NPs and flakes. 
 
 
The sintering of the NPs on the surface of graphene was further confirmed using SEM. 
Figures 5-7B shows an SEM image of a “thin-film” of Ag NP-decorated graphene and silver 
flakes mixture at room temperature.  An SEM image of silver flakes “thin-film” at 220 °C is 
shown in Figure 5-7C. Figures 5-7D and 5-7E show the SEM images of a “thin-film” of Ag 
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NP-decorated graphene and silver flakes mixture at 150 °C, and 220 °C, respectively. 
Comparison between the morphologies of the NPs in each case shows that sintering occurred 
between the NPs for the both samples annealed at 150 °C, and 220 °C where they became 
whitish due to the removal of the organic layer from the surface [21]. In contrast, the NPs at 
room temperature did not sinter to each other, and instead had a dark color. Figures 5-7D and 
5-7E also indicate the formation of metallurgical connections between the silver flakes and 
the decorated graphene, which can significantly improve the conductivity of the electrical 
network.   
  
Hybrid ECAs were fabricated by adding a small amount of the Ag NP-decorated graphene (1 
wt%) to the conventional ECAs, consisting of silver micron flakes and epoxy. The decorated 
graphene was incorporated into conventional ECAs at two different silver contents, i.e., near 
and after the percolation threshold (60 wt% and 80 wt%, respectively) and the final 
composites were cured at 150 °C. The bulk resistivity of the hybrid ECAs with the decorated 
graphene were compared to those of conventional ECAs (epoxy-silver flakes) and hybrid 
ECAs with non-modified graphene (epoxy-silver flakes-non-modified graphene). Figure 5-8 
shows the bulk resistivity of the samples cured at 150 °C. As can be seen in this figure, the 
resistivity of the hybrid ECAs with both decorated and non-modified graphene are less than 
that of the conventional ECAs for the both filler concentrations. The bulk resistivity of the 
hybrid ECA with the decorated graphene at 60 wt% of total silver content is 7.6 × 10
-4 Ω.cm, 
which shows 90 % reduction (equal to 1362 % electrical conductivity improvement) 
compared to the bulk resistivity of conventional ECA with the same filler content (1.1 × 10
-2 
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Ω.cm). This resistivity is close to that of the conventional ECA with 80 wt% of silver flakes. 
Also, the resistivity of the hybrid ECA with the decorated graphene at 80 wt% showed 67 % 
reduction (equal to 200 % electrical conductivity improvement) compared to that of the 
conventional ECA with an equivalent silver content, although the final electrical conductivity 
was not significantly high.  
 
 
Figure  5-8. The comparison between the electrical conductivity of conventional and hybrid 
ECAs at different filler concentrations of 60 and 80 wt% (for hybrid ECAs 1 wt% of nanofillers 
was used). 
 
 
As electrons are transferred through the electrical pathways created by conductive fillers 
inside the ECAs, the morphology and quality of contact between fillers are crucial for the 
electrical conductivity of ECAs. As explained in previous chapters, the quality of contact 
between conductive fillers is related to the contact resistance which is a combination of 
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constriction and tunnelling resistances [77]. The reduced electrical resistivity of the hybrid 
ECAs with both of non-modified and decorated graphene in comparison to that of 
conventional ECAs suggested that graphene nanosheets provide larger surface area than an 
equivalent amount of silver flakes for electron transportation within the network, which 
decreases the tunnelling resistance, significantly. This situation is more pronounced at 
concentrations close to the percolation where the silver flakes are not fully in contact with 
each other. However, the increased number of contact points because of the presence of Ag 
NPs may cancel out the reduced tunnelling resistance. 
 
To shed further light on the effect of Ag NPs on the electrical conductivity of the hybrid 
ECAs, the samples with 80 wt% of silver flakes were cured at different temperatures. The 
bulk resistivity data, shown in Figure 5-9, revealed a much more significant resistivity 
reduction for the hybrid ECAs with the decorated graphene than for conventional ECAs and 
hybrid ECAs with non-modified graphene as curing temperature increased. A low bulk 
resistivity of 4.6 × 10
-5 Ω.cm was achieved for the hybrid ECAs with the decorated graphene 
and cured at 220 °C, which is comparable to that of a typical eutectic solder (2 × 10
-5 Ω.cm) 
[14]. It demonstrates a great potential for this hybrid ECA to be used as an alternative 
electrical interconnect material. These results imply that although the Ag NPs on the surface 
of graphene improve the electrical conductivity of conventional ECA at low curing 
temperatures, their influence is more pronounced at higher curing temperatures. The presence 
of Ag NPs at low temperatures may increase the number of contact points in the filler system 
which in turn increases the contact resistance [21]. However, when the temperature increases 
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they start to sinter with each other as well as with the silver flakes so as to provide direct 
metallurgical contacts between the silver flakes and graphene to form flake-NP-graphene-
NP-flake conduction paths inside ECAs. This situation makes electron transport more 
prevalent through the electrical network and decreases the contact resistance among fillers.  
 
 
Figure  5-9. The effect of curing temperature on the electrical conductivity of ECAs. 
 
5.4 Summary 
 
In this chapter, we reported a simple novel room temperature wet chemistry approach to 
decorate graphene nanosheets with MPA-functionalized Ag NPs to be utilized as auxiliary 
fillers inside ECA nanocomposites and investigated the role of Ag NPs sintering on electrical 
conductivity of ECAs. The deposition of Ag NPs was based on the direct reduction of Ag 
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ions, adsorbed on the surface of graphene oxide, using a strong reducing agent (NaBH4) in 
the presence of MPA; NaBH4 was also found to be able to reduce the graphene oxide back to 
graphene. FTIR, UV-vis, XRD, and TEM confirmed the decoration of graphene with MPA-
functionalized Ag NPs. The surface functionalization of Ag NPs made the decorated 
graphene dispersible in water and ethanol, and facilitated their dispersion in epoxy 
nanocomposite. TGA analysis of the decorated graphene showed that the MPA starts to 
decompose from the NPs surface at temperatures close to 150 °C. SEM images confirmed the 
sintering of Ag NPs at this temperature which resulted in significant reduction of bulk 
resistivity of the decorated graphene and silver flakes mixture “thin-film” at temperatures 
higher than 150 °C. The addition of a small amount of the decorated graphene into the 
conventional ECA remarkably decreased its bulk resistivity, especially at concentrations near 
the percolation content. The bulk resistivity of hybrid ECAs with the decorated graphene 
significantly decreased as the curing temperature increased to 220 °C. A highly conductive 
ECA with a very low electrical resistivity of 4.6 × 10
-5 Ω.cm (close to that of eutectic solders) 
was achieved by incorporating a small amount of the Ag NP-decorated graphene (1 wt%) 
into the conventional ECAs (total silver content of 80 wt%). The high electrical conductivity 
of the fabricated ECA is attributed to the metallurgical connection between graphene and 
silver flakes inside the electrical network because of the sintering of small Ag NPs on the 
graphene surface. 
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Chapter 6. SDS-modification of graphene nanosheets; the effect of 
size and surface property of graphene on the electrical 
conductivity of ECAs  
 
6.1 Introduction 
 
As discussed in previous chapters, the key parameter in electrical conductivity improvement 
of an ECA is the quality of electrical network. The conductive nanofillers, depending on their 
type and morphology, affect the quality of network through their morphology or the quality 
of junction between silver flakes. In chapters 4 and 5, we demonstrated that the tunnelling 
resistance is a dominant parameter at low silver content and can be remarkably reduced by 
introducing high aspect-ratio nanomaterials [54]. Many research groups, including us, have 
studied the effects of different high aspect-ratio nanomaterials such as Ag NWs [40,54], Ag 
NBs [101], and carbon nanotubes (CNTs) [17,42] on the electrical properties of ECAs and 
reported the establishment of a percolated network at low silver content. 
 
As mentioned in Chapter 5, graphene has attracted great interest as a promising nanofiller for 
ECAs application because graphene has the highest aspect-ratio among all the nano-structure 
materials, enabling establishment of a more complete electrical network at lower filler 
content [52,55,61,158]. Pu et al. used nitrogen-doped graphene inside the system of epoxy 
and silver powder and reported that the percolation of silver powder reduced to 30 wt% [59]. 
Their results confirmed that 2-D graphene is much more effective than other types of high 
aspect-ratio carbon-based fillers such as carbon nanotubes and carbon black. However, the 
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challenge of attaining a homogeneous dispersion, as well as preserving its single-layer 
structure acts as bottlenecks in ECA fabrication. 
 
Surface modification of graphene using organic materials is one approach to exfoliate 
graphene in which the interaction occurs via either covalent bonding or via π-π stacking. 
Although this technique is shown to be effective to exfoliate graphene layers, it hinders their 
electrical properties because it disturbs the π-electrons delocalization of graphene surface 
[56,62,63,111]. The surface decoration of graphene with inorganic nanoparticles (NPs) such 
as Ag NPs is another approach that can effectively exfoliate graphene nanosheets [58]. Some 
research groups applied this idea for ECA applications and used the Ag NP-decorated 
graphene for the formulation of ECAs; they reported a positive effect of Ag NP-decorated 
graphene on the electrical conductivity of ECAs [60,112,113]. Based on our research finding, 
presented in Chapter 5, we believe that the improved electrical conductivity of ECAs via 
addition of Ag NP-decorated graphene is mainly because of the establishment of more 
electrical pathways inside the electrical network; however, the increased number of contact 
points (due to the presence of Ag NPs on the graphene surface) may cancel out this positive 
effect [61]. We showed that to decrease the number of contact points sintering of NPs must 
occur which requires elevated curing temperatures (higher than 150 °C). We speculate the 
single layer graphene without metallic decoration is a better option as auxiliary filler for ECA 
application if a proper exfoliation technique is applied to preserve its single layer structure 
within the epoxy matrix. 
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Another method to exfoliate and stabilize graphene nanosheets is based on the use a 
surfactant. In this approach, graphene layers are exfoliated by the mechanical energy 
provided by bath or horn sonication which overcomes the van der Waals interactions 
between graphene layers. At the same time, surfactant molecules are adsorbed onto the 
graphene surface and prevent their re-stacking via steric repulsions [56,64,65] (see Figure 6-
1A). Some research groups implemented this method to produce surfactant-stabilized 
graphene from graphite powder. For instance, Lotya et al. reported the production of a high-
concentration aqueous solution of graphene, stabilized by sodium cholate surfactant, using a 
long time low power sonication of graphite, followed by centrifugation [64]. In this chapter, 
we report a simple surfactant-assisted approach to stabilize graphene nanosheets and disperse 
them inside the conventional formulation of ECAs (consisting of epoxy and silver micro 
flake) based on the use of an ionic surfactant, sodium dodecyl sulfate (SDS). The main 
advantage is we are able to preserve the single layer structure of graphene inside the 
nanocomposite without disturbing its structure. The single layer graphene nanosheets can 
effectively bridge between separated silver flakes and provide more surface area for electron 
transportation inside the electrical network (as illustrated in Figure 6.1B). To shed further 
light on the effect of graphene aspect-ratio we used graphene nanosheets with two different 
sizes (1 µm, and 5µm diameter) and applied the same SDS modification approach to 
exfoliate and disperse them inside the conventional ECAs. The electrical resistivities of the 
hybrid ECAs with small and large SDS-modified graphene were measured at different silver 
contents and compared to those of conventional and hybrid ECAs with non-modified 
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graphene. The effect of SDS modification on curing behavior of epoxy and the thermal 
stability of hybrid composite was also investigated.  
 
Figure  6-1. A) SDS modification of graphene leads to exfoliation of graphene flakes, B) the 
bridging of SDS-modified graphene between separated silver flakes establishes a compete 
electrical network inside epoxy 
 
6.2 Experimental 
6.2.1 Synthesis of large graphene 
 
Large size graphene was produced using graphene oxide (GrO) which was synthesized by 
modified Hummers’ method [159,160]. The GrO was prepared from large graphene pellets 
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with the average size of 1 mm to 5 mm. The reduction of GrO to produce graphene was 
achieved by pre-heating of GrO in vacuum oven for 6 hours followed by thermal annealing 
in a furnace protected with Ar at 900 °C for 10 minutes. This process is to ensure the total 
removal of the oxygen functionality and restoration of the graphitic surface, so that the 
highest electrical conductivity can be achieved for the resulting large size graphene.  Small 
size graphene was purchased from ACS material (USA). 
 
6.2.2 SDS modification of graphene 
 
In order to modify the graphene surface with SDS, both large and small graphene powders 
were dispersed into a solution of SDS (Sigma-Aldrich, ≥99.0%) and ethanol. The 
concentration of SDS in ethanol was 0.06 mol/L. Then the solution was ultrasonicated using 
a low power sonic bath (Branson 2510R-MT) for 30 min. In order to remove the un-bonded 
SDS, the graphene dispersion was washed four times by repeatedly dispersing in fresh 
ethanol and applying centrifugation at 8000 rpm for 10 min to remove the supernatant. The 
final solution was then filtered using a polycarbonate (PC) membrane (with a pore size of 
400 nm) and dried overnight at room temperature in a vacuum oven. 
 
6.2.3 Nanocomposite preparation 
 
Diglycidyl ether of bisphenol A epoxy (DER
TM
 322) and triethylenetetramine (TETA), 
supplied by Dow Chemical company (USA), were used as the adhesive base and hardener, 
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respectively. The weight ratio of hardener to epoxy was 0.13. Two general types of sample 
(conventional and hybrid ECAs) were prepared as listed in Table 6.1. The conventional ECA 
contained only silver flakes (Aldrich, 10 mm) and epoxy whereas the hybrid ECAs contained 
epoxy and a mixture of the graphene (either SDS-modified or non-modified) and silver flakes 
at different weight percent. To make a hybrid ECA with SDS-modified graphene (either 
small or large size), silver flakes were mixed with the dispersion of modified graphene in 
ethanol for 30 min and then epoxy was added to the mixture. The composite was mixed using 
a vortex mixer for one hour. In order to remove ethanol from the composite, the mixture was 
placed inside a desiccator and degassed for 30 minutes followed by 5 minutes vortex mixing 
until ethanol was fairly removed. Then the TETA was added to the mixture and the resultant 
paste was filled into a mold (7 mm × 7 mm × 0.5 mm) made using a glass slide and pieces of 
adhesive tape. A clean copper sheet was placed on top of the mold in order to ensure that the 
thickness of the sample remained constant, as well as to consistently produce a smooth 
surface. The samples were then pre-cured inside an oven at 60 °C for 30 minutes, and then 
cured at 150 °C for 2 hours. After curing, the copper plate and the adhesive tape were 
removed. The schematic of nanocomposite preparation is presented in Figure 6-2. A similar 
procedure was followed for the preparation of the hybrid ECA with non-modified graphene. 
 
6.2.4 Characterization 
 
Fourier Transform Infrared Spectroscopy (FTIR) (Tensor 27, Bruker Co.) was carried out to 
confirm the SDS modification of graphene. An X-ray Diffractometer (XRD) (D8 Discover 
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Bruker) equipped with Cu-Kα radiation was used to characterize the interlayer spacing of 
graphene layers before and after modification. A High Resolution Transmission Electron 
Microscope (HRTEM, JEOL 2010 F FEG) equipped with a field emission gun running at 
high resolution was used to determine the quality of exfoliation of graphene layers. Bulk 
resistivity of samples was tested through sheet resistance measurements using a four-point 
probe configuration. The setup is comprised of a probe unit (Cascade Microtech Inc.) and a 
source meter (Keithley 2440 5A Source meter, Keithley Instruments Inc.) The acquired sheet 
resistance was then converted into bulk resistivity using the following equation: 
 
𝜌 = 𝐹𝑡
𝜋
𝑙𝑛2
(
𝑉
𝐼
)         Equation 6.1 
 
Table  6-1. Conductive fillers for each type of electrical conductive adhesive. 
Type of ECA Abbreviation Conductive filler system 
Conventional ECA CCA Silver flakes 
Hybrid ECA 
HCA-SGS Silver flakes and SDS-modified small graphene 
HCA-SGN Silver flakes and non-modified small graphene 
HCA-LGS Silver flakes and SDS-modified large graphene 
HCA-LGN Silver flakes and non-modified large graphene 
 
where F is a correction factor used for samples with finite thicknesses, t is the sample 
thickness, I is the applied current and V is the voltage drop measured by the source meter. 
The correction factor is defined as a function of the ratio of the sample thickness-to-probe 
spacing denoted as s and so, for situations where the ratio between t and s is 0.4 < t/s < 1.0, F 
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can be approximated to 1 [61]. For our measurements, the sample thickness is ~ 0.5 mm and 
the spacing is 1 mm, therefore it is safe to assume that F = 1. 
 
Using a Scanning Electron Microscope (SEM, LEO 1530, Carl Zeiss NTS), a study was 
carried out on the morphology of the electrical network inside the composites, as well as the 
filler-filler interaction between the graphene and the silver flakes. Differential Scanning 
Calorimetry (DSC) was performed for pure epoxy and composite to determine the rate of 
curing and their glass transient temperature (Tg). Polymer and composite DSC samples were 
encapsulated in hermetically sealed aluminum pans and cured during a 3 °C/min ramp to 
180°C in a TA4600 differential scanning calorimeter. The area under the exothermal peak 
was taken as the specific cure reaction enthalpy (∆Htot), in accordance with ASTM E2160-04.  
Samples were then cooled to 50 °C at 3 °C/min, and a second-heating scan performed to 180 
°C using a modulation of ±0.477 °C every 60 seconds and an underlying heating rate of 
3°C/min. 
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Figure  6-2. A schematic of a hybrid ECA nanocomposite preparation. 
 
The glass transition (Tg) of polymer and composite samples was determined from the 
reversing heat capacity (Rev Cp) signal of the second scan, using the methodology described 
by ASTM D7426-08. No residual cure signal was observed, confirming completion of the 
detectable enthalpic cure in the first heating scan [161]. Samples were then cooled to 50 °C at 
3 °C/min before post-curing. Polymer and composite samples were post-cured using heat-
treatment cycles, applied by DSC. Each cycle consisted of heating the sample to 150 °C with 
an underlying heating rate of 3 °C/min, holding isothermally for 60 minutes, then cooling to 
50 °C at 3 °C/min. Heating was modulated at 0.477 °C amplitude every 60 seconds to obtain 
the reversing Cp component of the signal, determining the Tg at the beginning of each post-
cure cycle. The Tg∞ value reported is the value obtained when Tg stopped changing 
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significantly between post-cure cycles, indicating post-cure was complete.  Each sample was 
cycled 10 times to assure they reached a completely post-cured state. The thermogravimetric 
Analysis (TGA, TA instruments Q5000-1254) was used to study the thermal stability of the 
nanocomposites. Samples of about 10 mg were placed in the TGA sample pan. Dynamic scan 
was performed from 40 to 800 °C with a heating rate of 10 °C/min under nitrogen 
atmosphere. 
 
6.3 Results and discussion 
 
FTIR was used to verify the interaction between SDS and graphene layers. The FTIR was 
performed for pure SDS, non-modified graphene, and the SDS-modified graphene; the 
results are shown in Figure 6-3A. To make sure there was no un-bonded SDS left in the 
system, the mixture of SDS and graphene after sonication was vigorously washed with fresh 
ethanol using sonication and centrifugation. In the FTIR spectrum of non-modified graphene, 
the peaks at 1589 and 1740 cm
-1
 are related to the stretching vibration of C=C and C=O 
bands, respectively [162]. Both of these peaks can be seen in the spectrum of SDS-modified 
graphene with slightly reduced intensities. Also, the peak at 1240 cm
-1
 in the spectrum of 
non-modified graphene is considered to be C–H in plane bending [163]. This peak is too 
weak and in the most cases cannot be seen, as it was diminished in the spectrum of the SDS-
modified graphene. The spectrum of pure SDS shows peaks at 1248 cm
-1
, 1219 cm
-1
, and 
1084 cm
-1
 which correspond to asymmetric and symmetric stretching modes of SO4
-1
, 
respectively. Furthermore, pure SDS spectrum shows CH3 asymmetric, symmetric (2955 cm
-
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1
, 2873 cm
-1
) and CH2 asymmetric, symmetric (2917 cm
-1
, 2850 cm
-1
) stretching vibrational 
frequencies [164]. The same peaks are observed in the spectrum of SDS-modified graphene 
(as highlighted in red and green), implying the presence of SDS on the graphene surface even 
after vigorous washing for several times. These results confirm the interaction between SDS 
and graphene layers. 
 
Figure  6-3. A) FTIR spectra of pure SDS (1), SDS-modified graphene (2), and non-modified 
graphene (3); B) XRD spectra of non-modified and SDS-modified graphene. 
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Figure 6-3B shows the XRD pattern of small graphene before and after treatment with SDS. 
As can be observed in this figure, there is a peak at 29.4° before treatment, corresponding to 
0.3 nm d-spacing of graphene layers. However, after SDS treatment this peak was shifted to 
24.1° which is corresponded to 0.38 nm d-spacing between graphene layers. This observation 
indicates that SDS adsorption on graphene surface expanded the graphene interlayer spacing. 
 
TEM was carried out to examine the effectiveness of SDS modification on exfoliation of 
both small and large graphenes. The transparency of flakes to the electron beam implies the 
level of exfoliation [64]. The number of graphene layers can be indicated by counting the 
number of distinguishable edges in TEM images [114]. Figure 6-4A and 6-4B are 
representative TEM images of non-modified and SDS-modified small graphene, respectively. 
The opaque feature of non-modified graphene implies the stacking of graphene layers which 
hindered the electron beam to pass through the sample. However, after SDS modification we 
see a bright and transparent graphene layer with a single distinguishable edge. The HRTEM 
image of the red square-marked area of Figure 6-4B clearly shows that the graphene layers 
are exfoliated to individual layers. Electron diffraction (ED) pattern of black square-marked 
area also confirms the single layer feature of the selected area, as the inner set of spots are 
more intense than the secondary set [107,114]. The blurry ring in the ED pattern is attributed 
to the amorphous structure of SDS covering the graphene surface. A representative TEM 
image of non-modified large graphene flakes is shown in Figure 6-4C which have a similar 
dark structure as small graphene. However, as can be seen in Figure 6.4D, after SDS 
treatment, the large graphene flake is transparent to the electron beams. The HRTEM image 
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of the red square-marked area of Figure 6-4D also shows there is only a single layer at the 
edge of the large flake. 
 
 
Figure  6-4. A) a representative TEM image of graphene without SDS; B) a representative TEM 
image of graphene after SDS treatment, the black inset is an electron diffraction pattern of the 
black marked area, the red inset is a HRTEM image of the red marked area of graphene edge; 
C) a representative TEM image of large graphene flake before SDS treatment; D) a 
representative TEM image of large graphene after SDS treatment. 
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As the first attempt to investigate the electrical properties of the nanocomposites, small 
graphene (1.5 wt%) was added into the conventional formulation of ECAs (CCAs) as a 
conductive co-filler to produce a customized hybrid ECAs (HCAs). The effect of SDS on 
electrical conductivity of ECAs was investigated by comparing the bulk resistivity of HCAs 
containing SDS-modified small graphene (HCA-SGSs) to that of HCAs with non-modified 
graphene (HCA-SGNs). The electrical resistivities of both the CCA and the HCA-SGNs until 
30 wt% (equal to 5.4 vol%) silver flake were higher than the upper limit of our four-probe 
electrometer while a relatively low electrical resistivity of 0.4 Ω.cm was achieved for HCA-
SGSs at 30 wt% silver flakes. As can be seen in Figure 6-5A, the percolation threshold for 
both the CCAs and the HCA-SGNs was 30 wt%, and the HCA-SGNs rendered lower bulk 
resistivity compared to the conventional ECAs. The lower bulk resistivity of the HCA-SGNs 
is because of the bridging effect of the graphene layers between the silver flakes. However, 
when SDS was used to disperse graphene layers inside the composite the percolation 
threshold was decreased to 10 wt%. A low bulk resistivity of 3 × 10
-5 Ω.cm was achieved for 
the HCA-SGS with 80 wt% (equal to 32.8 vol%) silver flakes and 1.5 wt% (equal to 6.4 
vol%) SDS-modified graphene. The difference between the bulk resistivity of HCA-SGSs 
and HCA-SGNs is much more pronounced at low silver content, indicating the effectiveness 
of SDS to exfoliate and stabilize the graphene sheet. The SDS modification of graphene 
provides the opportunity to fully take advantage of its high aspect-ratio which is crucial to 
decrease the tunnelling resistance by bridging between separated silver flakes.  
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Figure  6-5. A) bulk resistivity of conventional ECAs (CCAs), hybrid ECAs with non-modified 
small graphene (HCA-SGNs), and hybrid ECAs with SDS-modified small graphene (HCA-
SGSs), B) the effect of SDS-modified small graphene concentration on the bulk resistivity of 
hybrid ECAs with different silver contents. 
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In order to investigate the effect of graphene concentration on the electrical conductivity of 
hybrid ECAs, SDS-modified graphene of varying concentrations were added into the CCAs 
and the bulk resistivities of the HCA-SGSs were measured. The same ranges of graphene 
concentrations were applied for CCAs with different silver concentrations to identify the 
optimal graphene content at each silver concentration (see Figure 6-5B). The optimum 
graphene content was 1 wt% for the HCA-SGSs with 50 and 60 wt% of silver flakes while 
that concentration was 1.5 wt% for the HCA-SGSs with 70 and 80 wt% of silver flakes, 
indicating the importance of the weight ratio between silver micro flakes and graphene 
nanosheets on the electrical performance of HCAs. The increased bulk resistivity of the 
HCA-SGSs after the optimum concentration may attribute to the agglomeration of graphene 
at higher concentration. The dashed lines of Figure 5B show the bulk resistivity of the HCA-
SGNs at 60 and 80 wt% of silver flakes. The higher bulk resistivity of these samples 
compared to the HCA-SGSs with the same filler content is in agreement with our previous 
discussion on the positive effect of SDS treatment on the electrical conductivity of ECAs. 
 
To study the effect of graphene size and SDS modification, hybrid ECAs with various silver 
contents were produced containing large graphene, either unmodified or modified with SDS 
(HCA-LGN and HCA-LGS, respectively). Figure 6-6 presents the bulk resistivity of these, in 
comparison with those of HCA-SGSs with comparable silver contents. As can be observed in 
Figure 6-6, the bulk resistivity of the HCA-LGSs is noticeably lower than that of the HCA-
SGSs, especially at low silver concentrations, when the silver flakes would be separated and 
rarely in direct contact. This demonstrates that when either are well distributed by SDS 
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modification, the large graphene sheets are better able to bridge the gaps between the silver 
flakes than the small graphene sheets, allowing further reductions in silver content. Addition 
of 1.5 wt% of large SDS-modified graphene into CCAs with 10 wt%, 20 wt%, and 30 wt% 
led to bulk resistivities of 35 Ω.cm, 0.5 Ω.cm, and 7.6 × 10-3 Ω.cm, respectively, while those 
resistivities for the HCA-SGSs were 5.5 × 10
3
 Ω.cm, 122 Ω.cm, and 0.4 Ω.cm, respectively. 
Figure 6-6 also confirms the effectiveness of SDS in improving the electrical conductivity of 
the hybrid ECAs. Although the bulk resistivity of the HCA-LGNs was lower than that of the 
CCAs in all the silver content, those resistivity values were higher than those of HCA-LGSs.  
 
 
Figure  6-6. The effect of the aspect-ratio of SDS-modified graphene on the electrical 
conductivity of ECAs. 
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based solders [14]. Figure 6-6 also shows that the electrical resistivity of HCA-LGNs is 
higher than that of HCA-SGSs in all the silver contents, indicating that the SDS modification 
effect is more dominant in electrical conductivity improvement of ECAs than the effect of 
the aspect-ratio of conductive fillers. 
 
The SEM images of the CCA, HCA-SGS, HCA-LGS, and HCA-LGN with 30 wt% silver 
flakes were shown in Figure 6-7 A-D, respectively. For the hybrid ECAs, the concentration 
of graphene was 1.5 wt%. As can be observed in Figure 6-7A, a large portion of silver flakes 
are separated by epoxy resin and the electrical network is not fully formed, as evidenced by 
electrical resistivity measurements (see Figure 6-5A). However, the high aspect-ratio of 
graphene nanosheets helps to construct new electrical pathways for electron transportation 
inside the network. The yellow arrows of Figure 6-7B identify small SDS-modified graphene 
sheets spanning gaps between separated flakes to form a connected network. As can be seen 
in this figure, the small graphene layers were reasonably dispersed inside the epoxy and no 
noticeable form of aggregation of graphene was observed. Figure 6-7C also shows large 
SDS-modified graphene well dispersed inside epoxy. Because of the large size of graphene 
nanosheets more parts of the composite are covered by a conductive material. The yellow 
arrows of Figure 6-7C representatively indicate a conductive path inside the conductive 
composite. Finally, Figure 6-7D shows the SEM image of the HCA-LGN. As can be seen in 
this figure, the large graphene was not well dispersed inside the composite and large 
graphitic agglomerates formed, which explains the high electrical resistivity of this type of 
ECA compared to that with SDS-modified graphene.  
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Figure  6-7. A) an SEM image of the conventional ECA; B) an SEM image of the hybrid ECAs 
with 1.5 wt% of SDS-modified small graphene; C) an SEM image of the hybrid ECA with 1.5 
wt% of SDS-modified large graphene; D) and an SEM image of the hybrid ECA with 1.5 wt% 
of non-modified large graphene. Note: for all the ECAs the content of silver flakes was 30 wt%. 
 
DSC was performed to examine the effect of graphene and its SDS modification on the 
curing behavior of epoxy and the Tg of the final nanocomposite. Characteristic DSC data are 
presented in Table 6-2, collected from the cure and post cure of two control group samples 
and two graphene composites (HCA-SGN and HCA-SGS).  The control group samples are 
pure epoxy, and epoxy diluted with the same solvent content as the two nanocomposites. 
∆Hnorm represents the reported enthalpy normalized to only the mass of the hardened epoxy 
A
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B
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matrix [22]. Solvent masses for each composition have been presented using both the ethanol 
wt% in the total composite and the ethanol PHR (resin mass as reference), referencing the 
amount of ethanol present after degassing and at the start of curing. DSC traces for cure and 
post cure of HCA-SGS are presented in Figures 6-8A and 6-8B, respectively, as examples to 
demonstrate the means by which the characteristic data was obtained. From the data of both 
control groups in Table 6-2, we see that the addition of ethanol reduced ∆Htot, and reduced 
Tg∞ by 12°C, indicating a reduction in epoxy crosslinking.  This is likely partially due to the 
typical dilution effects of solvents during cure [161].  However, contrasting the reduced ∆Htot 
and the increase in ∆Hnorm implies that the ethanol also reduced the crosslinking by taking 
part in the matrix cure reaction and competing with the main stoichiometric epoxy/TETA 
reaction. 
 
Table  6-2. Characteristic Cure and Tg data from DSC. 
  
Composition 
Name Control 1 Control 2 HCA-SGN HCA-SGS 
Description (Neat Epoxy) (Ethanol Diluted) 
  
Ethanol 
Content 
PHR 0 PHR 40.8 PHR 40.4 PHR 40.4 PHR 
wt% 0 wt% 26.5 wt% 12.5 wt% 12.5 wt% 
∆Htot J/g 452.7 380.5 132.7 148.3 
∆Hnorm J/gmatrix 452.7 517.5 380.9 436.2 
Tg∞ °C 129.7 117.8 111.9 111.9 
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Figure  6-8. DSC data for HCA-SGS, demonstrating methods by which characteristic data was 
determined for A) composite cure from heat flow; B) composite Tg from Reversing Cp.  Each 
trace was performed at 3°C/min underlying heating rate. Modulation of ±0.477 °C every 60 
seconds used in B) only. 
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representative ethanol diluted epoxy control.  In addition, the Tg∞ was reduced by 5°C by the 
addition of filler.  Since it is known that silver microflake has no significant effect on Tg∞ 
[161], it appears that the addition of graphene produced both of these effects. Comparing the 
data for composites HCA-SGN and HCA-SGS from Table 6-2, where the only difference is 
the modification of graphene by SDS, we see no change in Tg∞.  However, the addition of 
SDS-modified graphene does not reduce the ∆Hnorm as much as the addition of untreated 
graphene did. This result may be interpreted in a number of ways, one of which can be as 
follows. The presence of graphene reduces crosslinking density, ∆Hnorm and Tg∞ regardless of 
the presence of SDS. The reduction of ∆Hnorm may be partly due to the moiety of oxygen 
functionality on graphene surfaces (i.e., C=O characteristic peak of carboxylic group at 1740 
cm
-1
 in Figure 6.3) acting catalytically on the reactions of epoxides and amines, or the 
reaction of epoxides and hydroxyls (from ethanol and the epoxy autocatalytic reaction) as 
discussed by others [165–167]. These would lead to an unaccounted fraction of the total 
reaction heat being released before the sample is placed in the DSC, reducing the reported 
∆Hnorm. However, in the case of HCA-SGS, SDS would have covered a large fraction of the 
graphene surface, reducing the ability of graphene to act as a catalyst. This would slow the 
unintended reactions of the composite before it enters the DSC, increasing the fraction of 
enthalpy captured.  However, further investigations are needed to clarify the exact 
mechanism by which the graphene and the SDS influence the reaction enthalpy. 
 
TGA was used to characterize the thermal stability of the final nanocomposites. The 
experiment was performed for pure epoxy, pure SDS, CCA, HCA-SGN, and HCA-SGS. For 
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all the composites, the concentration of silver flakes was 60 wt% and the graphene content 
was 1.5 wt% for the hybrid ECAs. As the TGA results show that pure epoxy decomposition 
started slowly around 300 °C, then greatly accelerated at around 325 °C (see Figure 6-9). The 
pure SDS degraded at a much lower temperature of 200 °C. HCA-SGNs began its 
decomposition rapidly at approximately 325 °C, demonstrating a small but noticeable 
reinforcement effect from the presence of the graphene surface. HCA-SGS has a relatively 
lower decomposition temperature than the HCA-SGNs, perhaps because of the SDS layer 
between the graphene and epoxy that may weaken the reinforcement effect of graphene 
surface. It was noted that HCA-SGS had 12 wt% more residue after TGA degradation than 
the SDS-free CCA and HCA-SGN composites. This is consistent with results reported by 
Wang et al.; they studied composites of epoxy and SDS and observed an increase in residual 
wt% in the SDS-containing epoxy [168]. It is possibly due to the formation of SO2 or a 
sulfonate, during SDS degradation, which would then be available to promote formation of 
stable char [169,170]. 
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Figure  6-9. The TGA results for pure SDS, pure epoxy, the conventional ECA, hybrid ECA 
with non-modified graphene, and hybrid ECA with SDS-modified graphene. 
 
6.4 Summary 
 
Graphene nanosheets with two different sizes (1 µm and 5 µm) were modified with SDS and 
introduced into the conventional formulation of ECAs; the effect of the graphene surface 
modification and graphene size on the electrical conductivity of ECAs was investigated. 
FTIR results confirmed the surface modification of graphene with SDS. TEM imaging and 
XRD confirmed the effectiveness of SDS on exfoliation of graphene nanosheets. The SDS 
modification of graphene decreased the percolation threshold of silver content from 30 wt% 
to the remarkably low value of 10 wt% while the percolation value did not change for the 
hybrid ECA with non-modified graphene. The electrical conductivity measurements also 
showed that the larger graphene is more effective in improving the electrical conductivity of 
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ECAs and reducing the amount silver flakes than small graphene. The bulk resistivity of 
HCA-LGS with 10 wt% silver flakes and 1.5 wt% graphene was 35 Ω.cm while the bulk 
resistivity for the HCA-SGS with the same filler composition was 5.5 × 10
3
 Ω.cm. According 
to DSC results, additions of both SDS-modified and unmodified graphene reduced the 
crosslinking of the epoxy matrix based on the reduction in Tg compared to an appropriate 
control group. However, the modification of the graphene filler surface by SDS had a definite 
effect on the apparent normalized enthalpy (∆Hnorm) of the resulting nanocomposite (HCA-
SDS), possibly demonstrating the suppression by the SDS of premature reactions that would 
be otherwise promoted by the presence of the bare graphene surfaces. 
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Chapter 7. Concluding Remarks, Main Thesis Contributions, and 
Recommendations 
 
7.1 Summary and concluding remarks 
 
In this thesis, we first explained the fundamentals of electrically conductive adhesives 
(ECAs) and discussed their working mechanism based on the quality of inter-filler 
interactions. Following these principles, the drawbacks of conventional ECA (consisting of 
epoxy and silver micro flakes) were addressed and the importance of the application of 
conductive nanofillers inside the conventional formulation of ECAs to overcome those 
drawbacks were highlighted. Different types of conductive nanofillers were implemented to 
develop customized hybrid ECAs and proper surface modifications were applied to facilitate 
the dispersion of nanofillers inside the polymeric matrix and to improve the quality of inter-
filler interaction. The details of the electrical conductivity enhancement mechanism via the 
introduction of the surface modified nanofillers were investigated for each case. 
 
The concluding remarks which were demonstrated in this thesis are: 
 First, spherical Ag NPs were synthesized and simultaneously functionalized with two 
thiocarboxylic acids with similar chemical structure but two different chain lengths 
(MPA with 3 carbons in its backbone, and MUA with 11 carbons). For the first time, 
we demonstrated that the chain length of organic layer significantly influences the 
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NPs size and their electrical properties; we showed that Ag NPs with longer organic 
chain-length were bigger (4.49 ± 1.28 nm) and electrically insulating while the 
surface functionalization of the NPs with short chain-length led to smaller size (2.09 
± 0.66 nm) NPs which were electrically conductive. 
  MPA functionalized Ag NPs were incorporated into the conventional formulation of 
ECA and the effect of the Ag NPs to silver flakes weight ratio on the electrical 
conductivity of the ECAs was studied. The results showed that the electrical 
conductivity of the ECAs improved via addition of Ag NPs. However, after specific 
concentration, adding more Ag NPs decreased the electrical conductivity. The 
bridging of Ag NPs between separated silver flakes is the main reason for the 
observed electrical conductivity improvement. Besides, the very small size of the NPs 
enables them to fill the interstitial spaces between silver flakes and also provide the 
opportunity to trigger the sintering at a relatively low curing temperature of 150 °C. 
  By understanding the importance of the bridging of the NPs on the electrical 
conductivity enhancement of ECAs, we used a new type of high aspect-ratio silver 
NPs, Ag NBs, which can readily connect separated silver flakes at low silver content. 
The wavy belt morphology of the NBs provides more surface area for electron 
transportation inside the electrical network compared to the commonly used Ag NWs. 
Our results showed that addition of a small amount of the NBs (1 wt%) to the 
conventional ECA with relatively low silver flakes content (close to the percolation 
threshold) increased the electrical conductivity by 1550%, while at higher silver 
content the electrical conductivity enhancement was not significant. 
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 Taking into account the significance of the aspect-ratio of the nanofiller, we used 
graphene as co-filler to generate a novel type of hybrid ECAs. The 2D structure of 
graphene, along with its remarkably high surface area, provides a large surface area 
for electron transportation inside the electrical network which in turn can noticeably 
reduce the minimum required amount of silver materials. Using a novel wet 
chemistry approach, we decorated the surface of graphene with the same Ag NPs as 
reported in Chapter 3 as an attempt to preserve the single layer feature of graphene 
layers and to reduce the contact resistance between graphene and silver flakes. Our 
results showed that although addition of the Ag NP-decorated graphene improves the 
electrical conductivity of the conventional ECAs, the final electrical conductivity is 
not high enough, mostly because of the increased number of contact points. High 
curing temperature is required to achieve high electrical conductivity comparable to 
that of eutectic solders. We demonstrated that by increasing the curing temperature up 
to 220 °C, electrical conductivities close to those of eutectic solders can be achieved 
when the Ag NPs on graphene surface sinter to silver flakes. 
 Despite all the efforts to keep the chemical structure of graphene intact during 
decoration of graphene, its surface still experiences partial damage. In order to 
exfoliate graphene layers and facilitate their dispersion inside epoxy without 
disturbing their chemical structure, we used a non-covalent technique using SDS 
surfactant to stabilize graphene layers and incorporated them inside the conventional 
ECAs. To shed further light on the effect of co-filler’s aspect-ratio on the electrical 
performance of hybrid ECAs, we used two graphenes with different sizes. Our results 
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revealed that addition of 1.5 wt% of SDS-modified small graphene decreased the 
silver flakes percolation threshold to a significantly low value of 10 wt% while this 
value for the conventional ECA was 40 wt%. It should be noted that larger graphene 
was more effective in improving the electrical conductivity of ECAs than the smaller 
graphene. We reached a very low electrical resistivity of 1.6 × 10
-5 Ω.cm for the 
hybrid ECA with 80 wt% silver flakes and 1.5 wt% SDS-modified large graphene 
which is lower than that of eutectic lead-based solders. 
 
7.2 Main thesis contributions 
 
In this project, we have developed new generations of hybrid ECAs through the 
incorporation of novel conductive nanofillers i.e., spherical thicarboxylate-functionalized Ag 
NPs, high aspect-Ratio Ag NBs, Ag NP-decorated graphene, and SDS-stabilized single layer 
graphene, into the conventional formulation of ECAs. We have succeeded in properly 
functionalizing and dispersing these conductive nanofillers inside epoxy. 
 
In Chapter 3, we functionalized spherical Ag NPs with thiocarboxylic acids with two 
different sizes and for the first time reported the effect of organic layer chain length on the 
size and electrical conductivity of the NPs. We successfully prepared very small NPs with 
low organic coverage content which enable the NPs to be sintered at low curing temperatures 
(i.e., < 150 °C). Despite the fact that the most of the literature report use of large Ag NPs 
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(larger than 20 nm), we demonstrated that very small NPs can be also effective for improving 
the electrical conductivity of ECAs, although the ratio of the NPs to the silver micro flakes is 
crucial for electrical conductivity enhancement. 
 
Although spherical Ag NPs have positive effect on the electrical conductivity of ECAs, a 
large amount of NPs is needed for this purpose. In Chapter 4, we reported the application of a 
novel high aspect-ratio type of Ag NPs, Ag NBs, which provide high surface area for 
electron transportation throughout the composite and as result significantly reduces the total 
amount of silver flake content. Compared to the previously used Ag NWs, (which are 
synthesized at high temperatures and long reaction times), the fabrication of the NBs is fast 
and occurs at room temperature. Besides, the Ag NBs have a low “weight to length” ratio, 
which can form a percolated network at low concentrations which consequently reduce the 
total mass of composites. The NBs had tiny amount of organic layer enabling them to be 
sintered at low curing temperatures. We showed that the hybrid ECA with 1 wt% Ag NBs 
and 60 wt% silver flakes render almost the same bulk resistivity as the conventional ECA 
with 80 wt% silver flakes does. 
 
By understanding the important role that the aspect-ratio of nanofillers plays on reducing the 
amount of silver flakes, we implemented graphene as conductive co-filler inside conventional 
ECAs. Two covalent (Ag NP-decoration) and non-covalent (SDS modification) approaches 
were applied to exfoliate graphene layers inside epoxy (Chapters 5 and 6, respectively). We 
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showed that although Ag NP modification of graphene was effective to improve the electrical 
conductivity of ECAs, achieving high electrical conductivity requires high curing 
temperature because of the increased number of contact points.  By conducting the non-
covalent SDS modification of graphene, we demonstrated that the common thought that 
believes the metallization of graphene is the best way to improve the electrical conductivity 
of ECAs filled with graphene may not be true and the characteristic electrical conductivity of 
graphene can be exploited if a proper technique is employed to disperse it inside epoxy and 
preserve its single layer structure. 
 
7.2.1 List of Peer-reviewed Journal Publications 
 
 Behnam Meschi Amoli; A. Hu; Y. N. Zhou; B. Zhao, “Recent Progress on Hybrid 
Micro-nano filler Systems for Electrical Conductive Adhesives (ECAs) Applications”, 
Journal of Materials Science: Materials in Electronics (JMSE), accepted. 
 Behnam Meschi Amoli; J. Trinidad; A. Hu; Y. N. Zhou; B. Zhao, “Highly Electrically 
Conductive Adhesives Using Silver Nanoparticle (Ag NP)-decorated graphene: The 
Effect of NPs Sintering on the Electrical Conductivity Improvement”, Journal of 
Materials Science: Materials in Electronics (JMSE), 2015, 26, 590-600. 
 Behnam Meschi Amoli; E. Marzbanrad; A. Hu; Y. N. Zhou; B. Zhao, “Electrical 
Conductive Adhesives Enhanced with High-Aspect-Ratio Silver Nanobelts”, Journal of 
Macromolecular Materials and Engineering, 2014, 299, 739-747. 
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 S. Gumfekar; Behnam Meschi Amoli; A. Chen; B. Zhao, “Polyaniline-Tailored 
Electromechanical Responses of the Silver/Epoxy Conductive Adhesive Composites”, 
Journal of Polymer Science, Part B: Polymer Physics, 2013, 51, 1448–1455. 
 Behnam Meschi Amoli; S. Gumfekar; A. Hu; Y. N. Zhou; B. Zhao, “Thiocarboxylate 
Functionalization of Silver Nanoparticles: Effect of Chain Length on the Electrical 
Conductivity of Nanoparticles and their Polymer Composites”, Journal of Materials 
Chemistry, 2012, 22, 20048–20056. 
 
7.3 Recommendations for future steps 
7.3.1 Short-term recommendations 
 
There are several short-term studies which can be carried out to address some of the 
unanswered questions regarding the mechanism of electron transformation inside the 
electrical network 
 
 In Chapter 3, we reported the use of MPA and MUA with 3 and 11 carbon as the 
covering layer of Ag NPs and demonstrated that the chain length of these 
thiocarboxylic acids changes the size of the NPs. Further study can be performed for 
other thiocarboxylic acids with different chain length to figure out if there is an 
optimum chain length for the size of the Ag NPs. 
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 Since the electrons are transferred inside the polymeric matrix when the conductive 
fillers come to contact with one another, the quality of inter-filler interaction is 
crucial. For each hybrid system, one can monitor how the electrical conductivity of 
hybrid ECAs would change as the curing temperature varies. Our preliminary DSC 
results for the hybrid ECA with SDS modified graphene showed that the curing of 
epoxy is completed at temperatures close to 110 °C. This temperature can be chosen 
as the minimum curing temperature for all the cases. At the same time, the quality of 
interaction between silver flakes and nanofillers, specifically for those with Ag NPs, 
can be monitored using SEM imaging. This study would provide a comprehensive 
understanding about how thermal treatment of composite affects the quality of filler-
filler interaction and eventually the electrical conductivity of the final composites. 
 
As for composite itself, there are some additional questions that need to be answered. 
 
 First and foremost, although the synergistic effect of each type of nanofiller in 
improving the electrical conductivity of the ECAs has been well studied, the 
mechanical and adhesive properties of the hybrid ECAs needs to be investigated. 
More specifically this study for the hybrid ECAs with Ag NBs and graphene can be 
very informative since upon the addition of these nanofillers the amount of silver 
flakes reduced significantly, which is most likely to exhibit mechanical property 
changes. 
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 Although the curing behavior of the hybrid ECA with SDS modified graphene was 
investigated in this project (Chapter 6), this study also can be carried out for other 
hybrid systems to investigate how the curing behavior of epoxy is changed upon 
addition of nanofillers, more specifically to see if there is any change on Tg or the 
degree of curing after addition of nanofillers. 
 
7.3.2 Long-term recommendations 
 
There are also several additional questions that can be answered as long-term future work 
that can help broaden the understanding regarding the potential application as well as the 
performance of the next generation of ECAs. 
 
 Since the invention of ECAs, silver flakes have been widely used as conductive 
fillers for commercial ECAs due to their excellent electrical conductivity and 
stability. However, a high amount of silver flakes (>33 vol.%) is usually required to 
achieve the minimum desired electrical conductivity, which in turn increases the 
final cost of the commercial ECAs. Besides, the high concentration of silver flakes 
jeopardies the mechanical strength of the final composites. Therefore, to enhance the 
electrical conductivity of the ECAs, lower the cost of the products, and to improve 
the mechanical properties of the final composite silver particles loading should be 
reduced. Finding alternative silver type fillers with the same conductivity but 
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offering higher surface area than silver flakes is one scientific aspect that could open 
new research pathways in this field. 
 As mentioned earlier, one of the most important applications of ECAs is on 
electronic packaging industries. The printing ability of the fabricated ECAs can be 
examined to see how they can be applicable for real industrial applications. For 
example, the fabricated ECAs can be examined for applications such as electrical 
interconnections for multi-layer circuit boards. 
 It is also important to study the reliability of the fabricated ECAs for long term 
applications. One of the major drawbacks of commercial ECAs is the change in their 
electrical conductivity as they are exposed to harsh environments. One can monitor 
the electrical conductivity of the fabricated ECAs at humid and elevated conditions 
during different aging times. 
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